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Abstract
Development of a High Flux Neutron Radiation
Detection System For In-Core Temperature Monitoring
T.D. Singo
Department of Physics,
Stellenbosch University,
Private Bag X1, Matieland 7602,
South Africa
Dissertation: PhD (Physics)
March 2012
The objective of this research was to develop a neutron detection system that
incorporates a mass spectrometer to measure high neutron ﬂux in a nuclear
reactor environment. This system consists of slow and fast neutron detector
elements for measuring ﬂuxes in those energy regions respectively. The detec-
tor should further be capable of withstanding the harsh conditions associated
with a high temperature reactor. This novel detector which was initially in-
tended for use in the PBMR reactor has possible applications as an in-core
neutron and indirect temperature-monitoring device in any of the HTGR.
Simulations of a generic HTGR core model were performed in order to
obtain the neutron energy spectrum with emphasis on the behavior of three
energy regions, slow, intermediate and fast neutrons within the core at diﬀerent
temperatures. The slow neutron ﬂux which has the characteristic of a Maxwell-
Boltzmann distribution were found to shift to larger values of neutron ﬂux
at higher energies as the fuel temperature increased, while fast neutron ﬂux
spectra remained relatively constant. In addition, the results of the ﬁt of
the slow neutron ﬂux with a modiﬁed Maxwell-Boltzmann equation conﬁrmed
that in the presence of the neutron source, leakage and absorption, the eﬀective
neutron temperatures is above the medium temperatures. From these results,
it was clear that the detection system will need to monitor both slow and
fast neutron ﬂux. Placing neutron detectors inside the reactor core, that are
sensitive to a particular energy range of slow and fast neutrons, would thus
provide information about the change of temperature in the fuel and hence act
as an in-core temperature monitor.
ii
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ABSTRACT iii
A detection mechanism was developed that employs the neutron-induced
break-up reaction of 6Li and 12C into α-particles. These materials make excel-
lent neutron converters without interference due to γ-rays, as the contributions
from 6Li(γ,np)4He and 12C(γ,3α) reactions are negligible. The mass spectrom-
eter measures the 4He partial pressure as a function of time under high vacuum
with the help of pressure gradient provided by a high-vacuum turbomolecular
pump and a positive-displacement fore-vacuum pump connected in series. A
cryogenic trap, which contains a molecular sieve made of pellets 1.6 mm in di-
ameter, was also designed and manufactured to remove impurities which cause
a background in the lighter mass region of the spectrum.
The development and testing of the high ﬂux neutron detection system
were performed at the iThemba Laboratory for Accelerator Based Sciences
(LABS), South Africa. These tests were carried out with a high energy proton
beam at the D-line neutron facility, and with a fast neutron beam at the
neutron radiation therapy facility. To test the principle and capability of the
detection system in measuring high ﬂuxes, a high intensity 66 MeV proton
beam was used to produce a large yield of α-particles. This was done because
the proton inelastic scattering cross-section with 12C nuclei is similar to that of
neutrons, with a threshold energy of about 8 MeV for both reactions. Secondly,
the secondary fast neutrons produced from the 9Be(p,n)9B reaction were also
measured with the fast neutron detector.
The response of this detection system during irradiation was found to be
relatively fast, with a rise time of a few seconds. This is seen as a sharp increase
in the partial pressure of 4He gas as the proton or neutron beam bombards
the 12C material. It was found that the production of 4He with the proton
beam was directly proportional to the beam intensity. The number of 4He
atoms produced per second was deduced from the partial pressure observed
during the irradiation period. With a neutron beam of 1010 s−1 irradiating the
detector, the deduced number of 4He atoms was 109 s−1. When irradiation
stops, the partial pressure drops exponentially. This response is attributed to
a small quantity of 4He trapped in the present design.
Overall, the measurements of 4He partial pressure produced during the
tests with proton and fast neutron beams were successful and demonstrated
proof of principle of the new detection technique. It was also found that
this system has no upper neutron ﬂux detection limit; it can be even higher
than 1014 n·cm−2·s−1. The lifetime of this detection system in nuclear reactor
environment is practically unlimited, as determined by the known ability of
stainless steel to keeps its integrity under the high radiation levels. Hence, it is
concluded that this high ﬂux neutron detection system is excellent for neutron
detection in the presence of high γ-radiation level and provides real-time ﬂux
measurements.
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Uittreksel
Ontwikkeling van ’n Hoe¨ Vloed Neutron
Stralingsdetektor Stelsel vir In-Kern Temperatuur
Monitering
(“Development of a High Flux Neutron Radiation Detection System For In-Core
Temperature Monitoring”)
T.D. Singo
Departement Fisika,
Stellenbosch Universiteit,
Privaatsak X1, Matieland 7602,
Suid Afrika
Proefskrif: PhD (Fisika)
Maart 2012
Die doel van hierdie navorsing was om ’n neutrondetektorstelsel te ontwikkel
wat hoë neutronvloed binne in ’n kernreaktor kan meet. Die stelsel bevat
twee aparte detektorelemente sodat die termiese sowel as snelneutronvloed
gemeet kan word. Die detektor moet verder in staat wees om die strawwe
toestande, kenmerkend aan ’n hoë temperatuur reaktor, te kan weerstaan. Die
innoverende detektorstelsel, oorspronklik geoormerk vir gebruik in die PBMR
reaktor, het toepassingsmoontlikhede as in-kern neutron- sowel as indirekte
temperatuurmonitor.
Simulasies van ’n generiese model van ’n HTGR reaktorkern is uitgevoer
ten einde die neutronenergiespektrum in die kern by verskillende temperature
te bekom met klem op die gedrag van neutrone in drie energiegroepe: sta-
dig (termies), intermediêr en snel (vinnig). Daar is bevind dat die stadige
neutrone, wat ’n Maxwell-Boltzman verdeling toon, in intensiteit toeneem en
dat die piek na hoër energie verskuif met toename in temperatuur, terwyl die
vinnige neutronspektrum relatief onveranderd bly. ’n Passing van die stadige
spektrum op ’n gemodiﬁseerde Maxwell-Boltzmann verdeling het bevestig dat
die eﬀektiewe neutrontemperatuur weens die teenwoordigheid van bronterme,
verliese en absorpsie, hoër as die temperatuur van die medium is. Hierdie re-
sultate maak dit duidelik dat die detektorstelsel beide die stadige sowel as die
iv
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vinnige neutronvloed moet kan waarneem. Deur detektorelemente wat sen-
sitief is vir die onderskeie spekrale gebiede in die reaktorhart te plaas, kan
informasie bekom word wat tot in-kern temperatuur herleibaar is sodat die
stelsel inderdaad as indirekte temperatuurmonitor kan dien.
Die feit dat alfa-deeltjies geproduseer word in neutron-geïnduseerde op-
breekreaksies van 6Li en 12C is as die basis van die nuwe opsporingsmeganisme
aangewend. Hierdie materiale funksioneer uitstekend as neutron-selektiewe
omsetters in die teenwoordigheid van gamma-strale aangesien laasgenoemde se
bydraes tot helium produksie via die 6Li(γ,np)4He en 12C(γ,3α) reaksies, weg-
laatbaar is. Die massaspektrometer meet die tydgedrag van die 4He parsiële
druk binne ’n hoogvakuum wat met behulp van ’n seriegeskakelde kombina-
sie van ’n turbomolekulêre en positiewe-verplasingsvoorpomp verkry word. ’n
Koueval met ’n molekulêre sif, bestaande uit 1.6 mm diameter korrels, is ont-
werp en vervaardig om onsuiwerhede te verwyder wat andersins as agtergrond
by die ligter gedeelte van die massaspektrum sou wys.
Die ontwikkeling en toetsing van die hoëvloed detektorstelsel is te iThem-
baLABS (iThemba Laboratories for Accelerator Based Sciences) gedoen. Dit
is uitgevoer deur gebruik te maak van die hoë energie protonbundel van die
D-lyn neutronfasiliteit asook van die bundel vinnige neutrone by die neutron-
terapiefasiliteit. Om die beginsel en vermoë te toets om by ’n hoë neutronvloed
te kan meet, is van die intense 66 MeV protonbudel gebruik gemaak om ’n hoë
opbrengs alfa-deeltjies te verkry. Dit is gedoen omdat die reaksiedeursnit vir
onelastiese verstrooiing van protone vanaf 12C kerne soortgelyk is aan die van
neutrone, met ’n drumpelenergie van 8 MeV vir beide reaksies. Tweedens is
die sekondêre vinnige neutrone afkomstig van die 9Be(p,n)9B reaksie ook met
die neutrondetektor gemeet.
Daar is bevind dat die reaksietyd van die deteksiestelsel tydens bestraling
relatief vinnig is, soos gekenmerk deur ’n stygtyd van etlike sekondes. Laasge-
noemde manifesteer as ’n toename in die parsiële druk van die 4He sodra die
proton- of neutronbundel op die 12C teiken inval. Daar is verder bevind dat
die 4He produksie direk eweredig aan die bundelintensiteit is. Vir ’n neutron-
bundel van nagenoeg 1010 s−1, invallend op die neutrondetektor, is vanaf die
gemete parsiële druk afgelei dat die produksie van 4He atome sowat 109 s−1
beloop.
In die geheel beoordeel, was die meting van die 4He parsiële druk tydens
die toetse met vinnige protone en neutrone suksesvol en het dit die nuwe meet-
beginsel bevestig. Dit is verder bevind dat die meetstelsel nie ’n beperking op
die boonste neutronvloed plaas nie, maar dat dit vloede van selfs hoër as 1014
s−1 kan hanteer. Die leeftyd van die detektorstelsel in die reaktor is prakties
onbeperk en onderhewig aan die bevestigde integriteit van vlekvrystaal onder
hoë bestraling. Die gevolgtrekking is dus dat die nuwe detektorstelsel uitste-
kend geskik is vir die in-tyd meting van ’n baie hoë vloed van neutrone ook in
die teenwoordigheid van intense gammabestraling.
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Chapter 1
Introduction
The measurements of neutron ﬂux in High Temperature Gas-cooled Reactor
(HTGR) nuclear reactors are a challenging task because of the extremely harsh
environmental conditions under which the detector has to operate, e.g. high
temperature and radiation dose. It is even more challenging if the detector is
expected to be stable and work for long periods of time. It is known that fast
neutrons found in the reactor have the most signiﬁcant structural eﬀects on the
conventional detector material and the detection signal [Eis09]. To overcome
this challenge, it is required to design a special neutron radiation detection
device that is stable, and can work for long period under these environmental
conditions providing a real-time data reading system. Also, the neutron con-
verter material should be highly sensitive to neutron energy, and the detection
technique should have inherent γ-ray discrimination.
The use of a mass spectrometer to analyze the residual gas in the vacuum
system has been widespread in various ﬁelds of physics, but it has not been
incorporated into the detection of high neutron ﬂux. This device, when used
with a neutron-converting material such as 6Li and 12C, can measure high ﬂux
of slow and fast neutrons, respectively, in a high γ-radiation background with
almost zero sensitivity to γ-rays. This is possible if the neutron conversion
materials are less (at least 4 orders of magnitude less than neutron-induced
break-up reactions) sensitive to γ-rays. Thus, the neutron detector has inher-
ent γ discrimination. Also, the reaction product from the neutron interaction
should be able to diﬀuse out of the material in the form of a gas, and the
measurements should be performed under high vacuum.
This work focuses on developing a high ﬂux neutron detection system that
incorporates a highly sensitive atomic mass spectrometer (Residual Gas An-
alyzer (RGA)) and vacuum pumps. This neutron detector employs the light
element neutron-induced break-up reactions of 6Li and 12C to detect slow and
fast neutron ﬂux. Due to the special design features of the detection system
and the stainless steel materials used, the detector will measure high neutron
ﬂux in real time and withstand high radiation level.
The HTGR is a Generation IV reactor type which has the special distin-
1
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guishing feature of a large negative temperature coeﬃcient of reactivity caused
by Doppler broadening of the resonance absorption cross-section. This is as a
result of a change in the temperature of the fuel in the core. Since the Doppler
broadening eﬀect is dependent on the temperature of the fuel and aﬀects the
reactivity, the neutron ﬂux is expected to evolve with temperature changes. It
is the aim of this work, to ﬁnd a technique that can relate measured neutron
ﬂux ratio, using two energy groups, with the temperature of the core for in-
core temperature monitoring as a function of time. This system could be the
solution to problems experienced when using temperature detection devices
that are sensitive to the extremely harsh nuclear environment found in such
an HTGR reactor. The detector will be more suitable to work for long periods
in such an environment, while oﬀering real-time neutron ﬂux monitoring. This
information can be used to optimize plant control.
1.1 Research background
Electricity Supply Commission (Eskom), the state utility of South Africa, gen-
erates more than 95% of the electricity in South Africa, and over 90% of this
capacity is provided by large coal-ﬁred stations and 5% by the nuclear power
station at Koeberg near Cape Town. The nuclear power station generates
about 1800 MW of energy [Nic96]. A large portion of the electricity is used
by the South African mining and heavy metal (steel, ferrochrome, aluminum,
etc.) industries. Since the fall of apartheid (in 1994), black communities also
have access to electricity, and the number of industries has been increasing,
which results in an ever-increasing demand for electricity. Consequently, Es-
kom considered a future expansion of the nuclear energy-generation option. It
looked at various options, such as a High Temperature Reactor (HTR) as a
possible supplement to the existing pressurized water reactors for the Eskom
grid. In 1996, an investigation led to the selection of a direct-cycle HTR power
plant based on the German fuel design [AVR90]. The choice was made for the
HTR because it is designed to eliminate or be resistant to nuclear accidents
such as core melting. Some other characteristics of the direct cycle are a high
eﬃciency for the conversion of a heat to electricity, which is ideal because the
project was designed for electricity generation. The heat produced through a
heat exchanger can be directly used for industrial purposes.
The Pebble Bed Modular Reactor (PBMR) company started in 1999 and
aimed to provide new reactor technology development in South Africa. In
support of the design and the passive safety case of the PBMR, various anal-
ysis groups were tasked to resolve and provide insight on some speciﬁc nu-
clear physics characteristics of the reactor. Also because the structure of the
reactor core and the requirements on the points for temperature measure-
ments in the PBMR are diﬀerent from those in conventional water-cooled
reactors, new temperature-measuring devices had to be developed. Conse-
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quently, two projects were proposed at Stellenbosch University: the develop-
ment of a temperature-monitoring device that can be used in the PBMR core
and possibly trace the movement of the fuel spheres. The ﬁrst research project
was “In-core temperature measurement for the PBMR using ﬁber-Bragg Grat-
ings” [Dev09], and the present one, “In-core temperature measurements for
the PBMR using a neutron detection system”. A neutron detection system
is developed to measure the neutron ﬂux within or outside the reactor core.
The neutron energy proﬁle within the core contains information about the
neutron-induced reaction rate, which is sensitive to the temperature of the
fuel and moderator. The core or fuel temperature information can be ex-
tracted by having a neutron detector that is sensitive to a particular energy
range (slow and fast neutrons) of the energy spectrum.
The current status of the PBMR project is that the construction of a
prototype plant has been postponed indeﬁnitely due to ﬁnancial constraints.
The reason for this is that Eskom, the primary customer, has reported losses
and has no money for the expansion program. The South African government
has also stopped funding the project and the company has scaled down to an
intellectual property holding company.
The current project was proposed for the PBMR reactor before it collapsed
and a lot of research had been done on this project, therefore it was decided to
continue to use the model of the PBMR reactor. This is because the technique
of measuring the neutron ﬂux within the reactor core for neutron spectroscopy
and, as a results, monitor the temperature of the core, could also be used
eﬀectively in other nuclear reactor designs and is not restricted only to the
PBMR. The PBMR has been decommissioned in South Africa, although sim-
ilar projects are currently ongoing with the China High Temperature Reactor
10 Mega Watt thermal MWth(HTR-10) [Zha02] and the Japan High Temper-
ature Test Reactor (HTTR) 30 Mega Watt thermal MWth.
Previously, thermocouples [Pol91, Man93, Bec07] have been used as in-
core instrumentation to measure the temperature of diﬀerent components of
the reactor, such as the moderator and coolant. Thermocouples have been
used in several high-temperature reactors, such as HTR-10 [Zha02], the Eu-
ropean High Temperature Reactor Technology Network (HTR-TN) project
[Lau09] and Fort St. Vrain, Colorado (330 MWe) [Fran82]. They consist of
two dissimilar metals that produce a voltage when joined together at one end
of a thermocouple. Thermocouples can be used to measure temperature up
to 2873 K and may be brought into direct contact with the object being mea-
sured. However, there are a few challenges that could be experienced when
using the thermocouples for temperature measurements. The challenges are
de-calibration processes in high temperature reactor environments, which in-
clude: temperature-voltage relation changes in high-neutron ﬂuxes caused by
transmutation [Bri82], the relation between the process temperature and the
thermocouple signal is not linear, and temperature measurements with ther-
mocouples require two temperatures to be measured, one point as the reference
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temperature and the temperature at the object. However, thermocouples can
not be placed directly on the fuel elements in the core to obtain the fuel tem-
perature while operating. Hence, an alternative fuel temperature-monitoring
device had to be developed.
The neutron detection devices, such as the ﬁssion chambers [Fan04, Dou05]
and the self-powered neutron detector [Lee99], have been developed to measure
the neutron ﬂux in reactor cores as a method of monitoring the reactor power
level. These devices can be manufactured in small sizes to ﬁt into the space
allocated in the reactor core. However, their electric power and the signal cable
from the device to the computer requires special insulation material in order
to withstand the high temperature in the HTR cores. Also, the electronic
devices coupled to the detector for converting and amplifying the radiation
signal to a digital signal could easily damaged by fast neutrons. The gas-ﬁlled
counters and scintillators employs a neutron detection method where the γ-
ray discrimination over the neutron signal becomes challenging, especially, in
high energy and intense γ-radiation. This makes them less suitable for the
extremely harsh conditions in the HTR reactor core.
In this research we propose a new design of neutron detection where the
material used is radiation resistant, the electronic devices and power cables
are not placed in the high-radiation environments, and the neutron-induced
reaction is insensitive to γ-rays, which oﬀers inherent γ-ray discrimination. In
the next section we discuss the motivation behind developing this high ﬂux
neutron detection system as an in-core radiation instrument.
1.2 Motivation for and aims of this project
The temperature in the nuclear reactor should be monitored constantly during
operation and at shutdown, in order to avoid the situation where the fuel
elements reach their melting point of around 3073 K. Fuel cells subjected to a
temperature suﬃciently high enough to induce centerline melting, experience
a signiﬁcantly high probability of failure. Failure is referred to as a loss in
the expected functional behavior of a fuel element caused by a change in its
physical properties. This could compromise the safety of the reactor.
The HTR reactor are designed to operate at a very high temperature.
For example, the PBMR was a 400 MWth helium-cooled graphite-moderated
reactor [Sen06, Hon07] with a helium gas outlet temperature estimated to be
about 1223 K compared to a conventional water-cooled reactor, which operates
at a temperature between 548 and 588 K. With the 400MWth thermal reactor
power, the neutron production rate from prompt ﬁssion is
m =
Pth × η
Ef
= 3.1920× 1019 n·s−1, (1.1)
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where Pth is the thermal power produced by the reactor, Ef is the average
energy released ≈ 200 MeV per ﬁssion, and η = 2.5 is the average prompt
ﬁssion neutron yield per ﬁssion event.
The ﬁssion energy is deposited within the fuel in the form of heat, causing
the fuel temperature to increase. An increase in fuel temperature causes the
thermal motion of the nuclei to increase. Hence, 238U, which forms a large
part of the fuel, absorbs neutrons in a wide energy range. This results in
more intermediate energy neutrons being absorbed before they are thermalized
to cause another ﬁssion in 235U. Having less thermal neutrons will result in
less ﬁssion reaction hence, less fast neutrons. This eﬀect is known as the
Doppler broadening mechanism, absorption of intermediate energy neutrons
in the resonance region of 238U, and it is the inherent safety feature of the
Generation-IV HTR fuel technology. Given the high radiation levels in the
reactor and the high operating temperature, it will be ideal to develop a device
that is radiation resistant and could make use of the ambient radiation to
provide indirect information about the temperature of the core.
This project focuses on developing a technique to indirectly monitor the fuel
temperature by characterizing the neutron ﬂux in the core. This measurement
technique is used because the characteristics of the radiation produced in the
core are temperature dependent.
The objectives of this research were the following:
• To develop a simpliﬁed Monte Carlo N-Particle (MCNP) model of the
Generation-IV HTR reactor core with the objective to obtain a neutron
ﬂux proﬁle at diﬀerent operating temperatures and to understand how
the neutron energy spectrum (slow and fast neutron ﬂuxes) is inﬂuenced
by the change of temperature in the core.
• To ﬁnd neutron-induced break-up reactions with cross-sections higher
than of photodissociation reactions thus rendering the contribution from
the γ-rays insigniﬁcant. The cross-section should also be sensitive to a
certain neutron energy region, e.g. slow or fast neutron ﬂux.
• To develop a neutron detection system capable of measuring and with-
standing the high neutron ﬂux produced in the reactor core.
• To carry out experimental tests of the newly developed neutron detection
system.
• To monitor the reaction rates as the temperature increases by counting
the resulting activities.
1.3 Outline of this work
This work presents the design and veriﬁcation results of the development of a
high neutron ﬂux detection system. The review of one of the Generation-IV
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high temperature reactor, PBMR reactor, is performed in Chapter 2, with a
discussion of the characteristics and safety features of this reactor. In Chapter
3, neutron transport theory is reviewed in order to understand the mechanism
by which neutrons are gained and lost in the reactor volume. An MCNP
code based on the stochastic transport method is used to solve the neutron
transport equation numerically. The purpose of the simulation was to generate
the typical neutron ﬂux proﬁle that a high ﬂux neutron detection system will be
measuring. This is discussed together with the results of the simulation of the
reactor operating at diﬀerent temperatures. A good ﬁt of the neutron spectra
to the Maxwell-Boltzmann distribution and the eﬀective neutron temperatures
were obtained.
This led to the design of the slow and fast neutron detectors of the high ﬂux
neutron detection system. However, the conversion of neutrons into charged
particles requires knowledge of the diﬀerent types of neutron interactions with
nuclei, the cross-section as a function of neutron energy, the characteristics
of the diﬀerent moderators and the slowing down of neutrons in an absorb-
ing material near the resonance energy range. These topics are discussed in
Chapter 4. Chapter 5 looks at previously developed neutron detectors, such
as proportional gas counters, scintillators and Bonner sphere neutron detec-
tors. Their properties and limitations regarding measurements in the nuclear
reactor core are discussed. The newly developed neutron detector, its charac-
teristics, equipment and neutron ﬂux measurement optimization are discussed
in Chapter 6. The experimental procedure for the high energy proton beam
and the fast neutron beam measurements with the high ﬂux neutron detection
system and the results, are presented in Chapter 7. Conclusion and outlook
are found in Chapter 8.
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Chapter 2
Nuclear reactor
A nuclear reactor is a device designed and built for the production of energy
from nuclear ﬁssion reactions, and the energy produced is used for the genera-
tion of electricity, using the steam turbines. Diﬀerent types of nuclear reactors
such as Generation I, II, III, III+ and IV have been used to provide power for
the past 80 years. However, the types of reactor of interest in the present work
is Generation IV, and we discuss its features with reference to the design of
the PBMR reactor.
Generation IV nuclear reactors are a set of nuclear reactor designs cur-
rently being researched that are intended for future use in nuclear power
plants. Generation III reactor properties are common in Generation IV re-
actors, which have the following additional features: more energy yield from
the same amount of nuclear fuel, enhanced operational safety, minimal waste
and proliferation resistance [Sla04]. The safety features originate from the
design of the PBMR core, which is made to handle high temperatures, and
the fuel technology, Triple Coated Isotropic Particle (TRISO) fuel particles, in
which the fuel pebble is designed to survive high temperatures while retain-
ing the ﬁssion products. The Doppler broadening mechanism, which creates
a negative feedback mechanism as the fuel temperature increases, makes this
reactor intrinsically safe, as it does not require active safety control. Some
other characteristics are a high eﬃciency for the conversion of heat to electric-
ity and the direct use of heat produced through a heat exchanger for industrial
purposes.
2.1 Nuclear reactor fuel and criticality
In a nuclear reactor, the geometry, as well as the distribution of fuel materials
within the reactor is of importance for the reactor to achieve criticality. The
nuclear criticality is a steady state self-sustained chain ﬁssion reaction that is
desired by the plant regulator for constant power output. The fuel consists of
a ﬁssile material, in which a small portion is enriched in 235U that propagates
7
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the ﬁssion reaction, and about 90% is 238U that controls the reactivity of the
reactor through the Doppler broadening mechanism at higher temperatures.
The portion size determines the ability of the reactor to control itself without
the need of external active safety controls.
There are three states of operation of the nuclear reactor, namely critical,
subcritical or supercritical. These conditions are determined by the extent of
neutron multiplication as the next generation neutrons are produced through
nuclear ﬁssion. If the previous number of thermal neutrons in the reactor was
represented by Ni, and their absorption by ﬁssile material produced a certain
number Ni+1, which represents the number of thermal neutrons in the present
generation. The eﬀective multiplication factor keff is deﬁned as the ratio of
the number of thermal neutrons in the present generation to the number of
thermal neutrons in the previous generation, that is
keff =
Ni+1
Ni
(2.1)
• The system is critical if keff = 1, exactly. This implies that on average
one of the ﬁssion neutrons emitted causes another nucleus to ﬁssion. In
this condition the reactor can sustain itself.
• Supercritical is when keff > 1. This implies that on average more than
one ﬁssion event occurs per ﬁssion neutron produced. The reactor is
continuously increasing in power, which can have a bad eﬀect on the
safety of the reactor. The eﬀect of this supercritical condition is discussed
in the next section that deals with the eﬀect of fuel temperature change
on reactivity.
• Subcritical is when keff < 1. This condition occurs when on average less
than one ﬁssion event occurs per ﬁssion neutron produced. The reactor
is continuously decreasing in power.
The multiplication factor k of the reactor is deﬁned by the six-factor formula
as
k = ΛfΛthpfηǫ, (2.2)
where
• Λf and Λth are the fast and thermal neutron non-leakage factors,
• p is the probability that the neutrons will escape resonance capture as
they slow down to thermal energies,
• f represents the fraction of theNi thermal neutrons that will be absorbed
in the ﬁssionable material known as the thermal utilization factor,
• η represents the average number of neutrons produced per thermal neu-
tron capture and it is known as the reproduction factor,
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• ǫ is the ratio of the total number of neutrons produced from fast ﬁssion
and the number produced by thermal ﬁssion and is known as the fast
ﬁssion factor.
2.2 Fuel temperature increase
The increase in the fuel temperature in the reactor occurs practically instan-
taneous and is due to the energy released in the following: nuclear ﬁssion;
which releases energy of about 200 MeV per event, scattering; capture of ﬁs-
sion neutrons and radioactive decay of ﬁssion fragments. The energy carried
by γ-rays is about 5 to 7MeV from neutron capture and 10 MeV from ﬁssion.
All these contributions can be divided into two categories, namely prompt and
delayed released energy. Both categories are further subdivided into a part
deposited in the fuel and a part deposited outside the fuel material, such as in
the coolant, moderator or reﬂector.
The major part of the energy released from the ﬁssion process, about 83%,
appears in the form of kinetic energy of the two ﬁssion fragments. The ﬁs-
sion fragments are highly energetic and they lose their energy quickly through
ionization within a small range of < 1.0× 10−2 mm in the fuel. Thus, after a
negligibly short time, the energy of the ﬁssion fragments is converted into tem-
perature in a very small volume. Promptly deposited heat in the fuel kernel
amounts to 90%, and 10% of the remaining heat production is delayed and/or
is deposited outside of the fuel kernel. A smooth spatial distribution of heat
produced from ﬁssion is obtained from the superposition of many ﬁssion tracks
and by rapid heat transfer over a small volume compared with the typical fuel
kernel diameter, where all of the energy of the ﬁssion fragments is deposited
in the fuel. The eﬀects of fuel temperature change in the reactor are discussed
in the next section.
2.3 Effects of fuel temperature change on
reactivity
Parameters that determine the reactivity of a reactor are thermal utilization,
resonance escape probability, referring to the Doppler broadening eﬀect, and
diﬀusion length. Reactivity is the measure of the deviation of a nuclear reactor
from criticality at any instant of time such that the positive and negative values
correspond to supercritical and subcritical respectively. These parameters are
a function of the temperature of the fuel, moderator, and coolant. An increase
in the temperature of the reactor components (fuel, moderator and coolant)
will lead to changes in reactivity. The temperature coeﬃcient of reactivity, αT
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[Lam66], is deﬁned by the relation
αT =
dρ
dT
, (2.3)
where ρ is the reactivity of the system and T is the temperature of a speciﬁc
component. So, if T refers to the temperature of the fuel, αFT is called the fuel
temperature coeﬃcient or if T refers to the temperature of the moderator, αMT
is called the moderator temperature coeﬃcient, and so forth. The reactivity of
the system is given by ρ(T ) = 1− k−1(T ), where k is the multiplication factor
of the reactor, so equation (2.3) is equivalent to
αT =
(
1
k
)2
dk
dT
. (2.4)
In most cases of interest (discussed in section 2.1), k ≈ 1, which implies k2 ≈ k
and equation (2.4) may be written as
αT ∼= 1
k
dk
dT
. (2.5)
The sign (either positive or negative) of αT determines the behavior of reactiv-
ity after the change in temperature. If αT is positive, and dkdT is also positive,
then the reactivity in the reactor increases with increasing temperature. How-
ever, if αT is negative, and dkdT is negative, then the reactivity decreases with
increasing temperature. When the temperature of the reactor components in-
creases, e.g. fuel and their temperature coeﬃcient is positive, then k value
increases, which results in a power increase. This will lead to a further in-
crease in temperature, which again increases k, and so on. The power of the
reactor will continue to increase until the reactor is brought under control by
external intervention, such as the control rods and cooling, or in the extreme
scenario of core melting. A reactor with a positive temperature coeﬃcient is
thus inherently unstable with respect to changes in temperature. However, the
reactor with a negative temperature coeﬃcient does the opposite. An increase
in temperature now leads to a decrease in k, which reduces the power level
and returns the temperature to its original value.
Similarly, a decrease in temperature results in an increase in k, which in-
creases the power and again returns the system to its initial temperature.
Reactors having negative temperature coeﬃcients are therefore stable with re-
spect to temperature changes. The PBMR reactor behaves in a similar manner
in response to an increase in reactivity. This is because the fuel temperature
responds immediately to changes in power, whereas the temperature of the
moderator and coolant must wait upon the transfer of heat from the fuel. For
this reason, the fuel temperature coeﬃcient is often called the prompt tem-
perature coeﬃcient. Suppose the fuel elements are uniformly distributed in a
uniform neutron ﬂux, then the temperature changes will be uniform through-
out the system. From the above explanation, we learned that the parameters
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which determine the reactivity in the reactor are functions of the temperature
of the medium, Tm, while others are functions of the eﬀective neutron temper-
ature, Tn. For example, if the temperature of the medium, Tm, increases, the
medium expands, which results in the nuclei being further apart. Hence, the
nuclear density N decreases. When nuclear density decreases, then the macro-
scopic cross-section, Σ¯a = Nσ¯a, also decreases. The microscopic cross-section
σ¯a is a function of Tn, and is indirectly dependent upon Tm. It is found that
the Tn is directly proportional to Tm and can be written as
Tn = aTm, (2.6)
where a is a parameter that depends upon the properties of the medium. The
eﬀective neutron temperature Tn is generally found not to be the same as that
of the medium [Gei65]. Both nuclear ﬁssion and neutron capture reactions can
be used for determining the eﬀective neutron temperature and the reaction
rates are monitored by counting the resulting activities or nuclear transmu-
tation. Theoretically, the eﬀective neutron temperature could be determined
from the simulated neutron energy spectrum within the core, and or at any
location within the reactor, and this is explained in section 3.6. The simula-
tion of the neutron energy spectrum in those places is performed in Chapter
3, however, we introduce the nuclear reactor of interest to this work.
2.4 The Pebble Bed Modular Reactor design
The PBMR is a Generation IV High Temperature graphite-moderated, helium
Gas-cooled nuclear Reactor based on the original AVR reactor design (German:
Arbeitsgemeinsschaft Versuchsreaktor) from the German Ju¨lich Research Cen-
ter [Kos03, Bau89, Nab84, Zie97]. The name Pebble Bed is derived from the
geometry of the nuclear fuel used, namely spherical pebbles of a tennis ball
size, stacked to make a bed of pebbles. Modular Reactor stands for one of
the key features of this reactor, in that it can be built in modules and these
modules can be combined according to the speciﬁc energy requirements of the
user.
The reactor, shown in Fig. 2.1, has a vertical steel Reactor Pressure Vessel
(RPV), which contains and supports a metallic core barrel. The core barrel
supports the annular pebble fuel core and side reﬂectors. This annular fuel
core, with a height of 11 m and a radius of 2.7m, is surrounded by an outer
graphite reﬂector of 90 cm width, and at the top and bottom by graphite struc-
tures which also function, as the neutron reﬂectors. Vertical holes in the side
reﬂector are provided for the reactivity control elements. Two diﬀerent reac-
tivity control systems are provided, for normal active control and for shutting
down the reactor.
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Figure 2.1: Dimensional size of the cross-sectional cut of PBMR reactor core
[Vent05b]
2.5 The fuel design of the Pebble Bed Modular
reactor
The PBMR fuel pebbles were developed at Necsa at Pelindaba. These fuel
pebbles, with a diameter of 60mm, consist of a 50mm diameter fuel region,
which contains about 15 600 TRISO coated particles mixed with graphite pow-
der and phenolic resin to form a matrix. Each TRISO fuel particle of about
1mm in diameter consists of 9.6 wt% enriched UO2 surrounded by four coating
layers, as shown in Fig. 2.2. The amount of enriched UO2 in each pebble is
about 9 g and the total uranium in one fuel load is 32.4 metric tons. The size
and the physical characteristics are the same as the fuel which was developed
for the German High Temperature Reactor programme [Pro06] or (HTR).
For the PBMR, the TRISO fuel particle ﬁrst layer deposited on the kernels
is porous carbon, followed by a thin but very dense coating of pyrolitic carbon,
and a layer of silicon carbide for structural integrity which serves to retain the
ﬁssion product inside the kernel. Finally, the last layer is made of pyrolitic
carbon. The core of the reactor contains about 360 000 fuel pebbles. The
PBMR reactor uses the continuous reloading scheme, where unloaded fuel
spheres that have not reached the target burnup, are returned to the top of
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Figure 2.2: The design of the PBMR Fuel pebbles with coated particles embedded
on the graphite matrix [Zib10].
the core. The temperature of the PBMR reactor during operation has been
predicted using Computational Fluid Dynamics (CFD) [Vent05b], and the heat
generated by the nuclear process is intended to be removed by helium gas which
enters at the top of the reactor vessel at a temperature of 773 K and a pressure
of 9Mpa (70 bar) and exits the bottom of the vessel at a temperature of 1223 K
[Ion04]. PBMR uses a direct cycle power conversion unit in which the heat
is converted into electrical energy by means of a turbine-driven generator as
shown in Fig. 2.3.
2.6 Safety features of Pebble Bed Modular
Reactor design
The key safety features of the PBMR, in addition to the ﬁssion product reten-
tion capability of the fuel particle, is the small operational excess reactivity,
a large negative temperature coeﬃcient of reactivity, and the passive heat
removal capability of the reactor design [Ion04].
Even in the event on the reactivity control systems not working properly,
the combination of small excess reactivity and large negative temperature co-
eﬃcient will still control the nuclear ﬁssion process with only a moderate tem-
perature rise. In general, when the decay heat is not removed during shutdown,
the fuel temperature will increase until its ﬁssion product retention capability
is degraded. In the PBMR, the removal of decay heat is achieved by con-
duction, convection and radiation heat transfer from fuel through the reactor
environment. The surface area is large compared to the volume of the core,
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Figure 2.3: Schematic representation of the PBMR main power system [Vent05b].
which promotes the heat ﬂow process and lowers the power density of the core.
The high temperature resistance of the fuel ensures that the core never reaches
a temperature at which signiﬁcant degradation of the fuel can occur.
The large negative temperature coeﬃcient of reactivity is caused by Doppler
broadening of the resonance absorption cross-section as a result of a change in
temperature of the fuel in the core. Since the Doppler broadening eﬀect is de-
pendent on the temperature of the fuel and aﬀects the reactivity, the neutron
energy spectrum is expected to change when the fuel temperature changes. In
this work, the study of the eﬀect of Doppler broadening is of high importance
and simulations were performed using the MCNP code which is explained in
detail in Chapter 3. The simulations were carried out in order to understand
the Doppler broadening eﬀect on the neutron energy spectrum as the temper-
ature of the fuel increases, and to determine the possibility of monitoring the
fuel temperature from this observation.
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Chapter 3
Neutron transport in the nuclear
reactor
Transport theory is used to describe the motion of particles, such as neutrons,
protons, etc., in a nuclear reactor. The neutron transport equation can be
considered to be an expression governing the neutron distribution in a reactor
core and is of importance in the design of the reactor. However, the generality
and inherent complexity of this equation, which involves both integration and
a derivative function makes it diﬃcult to solve. Typically, simplifying approx-
imations are made to reduce its complexity. Hence, a concise introduction to
transport theory is presented which serves to highlight the natural hierarchy of
the approximations that are inherent in any reactor design model, and hence
any corresponding computation.
3.1 Definition of terms in neutron transport
theory
3.1.1 Neutron density
The neutron transport equation [Dud76] uses the ﬁeld of probability density or
distribution functions to describe the random motion of the neutron in nature.
The neutron density N(~r, t)d3r is deﬁned as the expected number of neutrons
in a volume element d3r at a point ~r at a time t (see Fig. 3.1).
This neutron density, N(~r, t), determines the rate at which the neutron
interactions are taking place at any point in the medium. Now suppose that
all the neutrons in volume V have the same speed v. The rate at which the
neutron-induced nuclear reaction occurs can be expressed as the product of
the neutron speed v and the macroscopic cross-section Σ, vΣ [cm·s−1][cm−1],
i.e. the number of events per second. Hence, the deﬁnition of the reaction rate
density F (~r, t) at any point in the system is
F (~r, t) ≡ vΣN(~r, t), (3.1)
15
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Figure 3.1: Neutron density N(~r, t) at position ~r at time t.
the rate at which interactions are occurring in volume element d3r about po-
sition ~r at time t. In the case where neutron density is diﬀerent for various
neutron energies E, the neutron density is deﬁned as
N(~r, E, t)d3rdE,
and this is equivalent to the number of neutrons in volume element d3r about
position ~r, energy E about dE, at time t. The concept of reaction rate density
can also be generalized to include energy-dependent neutron density, hence
F (~r, E, t) = vΣ(E)N(~r, E, t). (3.2)
3.1.2 Angular neutron density
The fundamental quantity of interest in modeling neutron transport is the
angular neutron density n(~r, E, Ωˆ, t), where Ωˆ = ~v
|~v|
indicates the direction of
motion of a neutron at a position ~r (see Fig. 3.2). This quantity represents the
probability density of ﬁnding a neutron which has an energy E, at a position ~r
moving in a direction Ωˆ, at time t. The term “angular” refers to the neutron’s
directional dependence Ωˆ. If the neutron distribution inside V is spherically
symmetric (i.e. it is isotropic), then the number of neutrons
N(~r, E, t) =
∫
4π
n(~r, E, Ωˆ, t)dΩ. (3.3)
Dividing equation (3.3) by the normalization factor 4π in the angular density,
it becomes
n(~r, E, Ωˆ, t) =
1
4π
N(~r, E, t). (3.4)
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Figure 3.2: Variables representing the position and direction of neutrons.
More generally, n(~r, E, Ωˆ, t) will also have a directional dependence. The an-
gular interaction rate can be deﬁned as the product of neutron speed v, macro-
scopic cross-section Σ(~r, E) and angular neutron density
F (~r, E, Ωˆ, t) = vΣ(~r, E)n(~r, E, Ωˆ, t). (3.5)
3.1.3 Neutron flux
The product of velocity ~v and the particle density N(~r, t) is called the neutron
ﬂux, φ(~r, t), as
φ(~r, t) ≡ vN(~r, t) [cm−2 · s−1]. (3.6)
The integral of the angular ﬂux over all directions, which is also equal to
vn(~r, E, t), is deﬁned as the energy-dependent neutron ﬂux, φ(~r, E, t), i.e.
φ(~r, E, t) =
∫
4π
φ(~r, E, Ωˆ, t)dΩ. (3.7)
Thus, equation (3.7) is the neutron ﬂux of energy E, at the position ~r and at
time t per unit energy.
3.1.4 Angular neutron flux
The neutron angular ﬂux, denoted by φ(~r, E, Ωˆ, t), is the total number of
neutrons with energy E passing at position ~r per second through an area
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Figure 3.3: Neutron incident on a differential element of area dA.
perpendicular to Ωˆ, around Ωˆ in the direction dΩˆ at time t. The neutron
angular ﬂux equation is written as
φ(~r, E, Ωˆ, t) ≡ vn(~r, E, Ωˆ, t). (3.8)
Since the unit of neutron speed is cm·s−1 and for neutron density is the n·cm−3,
therefore the unit of angular neutron ﬂux is the n·cm−2·s−1.
3.1.5 Angular current density
In order to physically interpret the angular current density, a small area dA
at a position ~r is considered. Then ~J(~r, E, Ωˆ, t)dAdEdΩˆ is deﬁned as the
expected number of neutrons passing through an area dA per unit time t with
energy E about dE, moving in direction Ωˆ in solid angle dΩˆ. The convention
that d ~A = ~esdA, where ~es is the unit normal to the surface area element dA,
is used.
The energy-dependent neutron current density ~J(~r, E, t), can be deﬁned in
terms of the angular current density, as follows:
~J(~r, E, t) ≡
∫
4π
~j(~r, E, Ωˆ, t)dΩ, (3.9)
and the current density, which is independent of energy, is equal to the integral
of the neutron current with diﬀerent energies, and is also equal to the multiple
integral of neutron current at the position ~r, at time t, with diﬀerent energies
dE in all directions dΩˆ.
~J(~r, t) =
∫ ∞
0
~J(~r, E, t)dE =
∫ ∞
0
dE
∫
4π
~j(~r, E, Ωˆ, t)dΩ. (3.10)
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Figure 3.4: Arbitrary volume V with surface area S.
The ~J(~r, t) ·dA is a net rate at which neutrons pass through a surface oriented
in a given direction. It is a useful quantity for describing neutron leakage from
the reactor core.
3.2 Neutron transport equation
An arbitrary volume V containing neutrons of speciﬁc energies is considered
(see Fig. 3.4). With time, some of these neutrons are scattered or absorbed
by nuclei, some may escape and others may enter the volume. Also, if neutron
sources are present within the volume, additional neutrons may appear as they
are emitted from the sources. In any event, neutrons within the volume should
satisfy the condition of neutron conservation, namely, the time rate of change
of the total number of neutrons in V must be equal to the gain in neutrons in
V minus the loss of neutrons in V . If n(~r, E, ~ˆΩ, t) is the neutron density at the
point ~r with energy E and Ωˆ space and time t, the total number of neutrons
in V is simply
∫
V
n(~r, E, Ωˆ, t)dV dEdΩˆ. The neutron number conservation can
then be written as
∂
∂t
∫ ∞
0
∫
4π
(∫
V
n(~r, E, Ωˆ, t)dV
)
dEdΩ =
∂
∂t
∫
V
N(~r, t)dV (3.11)
= the rate of neutron gain in V − the rate of neutron loss from V.
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3.2.1 Neutron gain in volume V
The following neutron gain mechanisms are considered:
1. Any neutron source in a volume V which could be as a result of nuclear
ﬁssion.
The production of neutrons can be represented by a source distribution
function s(~r, E, Ωˆ, t), which is equal to the number of neutrons emitted in
dV about ~r, energy E about dE, and Ωˆ about dΩˆ. The rate of production
R of neutrons in V is the rate of change of the number of neutrons of all
energies E and in all directions Ω in volume V ,
R =
∂
∂t
∫ ∞
0
dE
∫
4π
dΩ
(∫
V
s(~r, E, Ωˆ, t)dV
)
dEdΩ, (3.12)
where s(~r, E, Ωˆ, t) is called neutron source density.
2. Neutrons streaming into V through surface S as represented in Fig 3.1.
The mathematical expression for this term is given together with the
leakage term introduced in equation 3.18.
3. Neutron gain due to neutrons of diﬀerent energy E ′, direction Ωˆ′ scat-
tering into volume V losing energy in the process from energy E to E ′
and changing direction from dΩˆ to dΩˆ′.
The mathematical expression for the gain mechanism due to neutron
scattering from energy E to E ′ and direction dΩˆ to dΩˆ′ is given in terms
of the macroscopic double-diﬀerential scattering cross-section
Σscat(E, Ωˆ → E ′, Ωˆ′) = N(~r, E, t) ∂
2σ
∂Ω∂E
, (3.13)
and then the rate at which neutrons scatter from E, Ωˆ to E ′, Ωˆ′ is[∫
V
vΣscat(E, Ωˆ → E ′, Ωˆ′)n(~r, E, Ωˆ, t)dV
]
dE ′dΩ′. (3.14)
The total rate at which the neutrons per unit volume are transfered
is obtained by integrating the above equation over all initial neutron
energies and directions, and summing over all reactions in the volume.∫ ∞
0
dE
∫
4π
dΩ
(∫
V
dV vΣscat(~r, E, Ωˆ → E ′,Ω′)n(~r, E, Ωˆ, t)dV
)
dE ′dΩ′.
(3.15)
The above term characterizes neutron scattering from other energies and
directions into E ′, Ωˆ′, therefore it is known as the in-scattering term.
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3.2.2 Neutron loss mechanism
The following neutron loss mechanisms are considered:
1. Neutron leakage into and out of volume V through the surface S.
The leakage into V through S or from V can be combined to calculate the
net leakage through S. Using the deﬁnition of angular current density
J(~r, E, Ωˆ, t), the rate at which neutrons of E, Ωˆ leak out of a diﬀerential
surface area d~S is
J(~r, E, Ωˆ, t) · d~S = vΩˆn(~r, E, Ωˆ, t) · d~S. (3.16)
Hence the leakage contribution over the entire surface area S is∫
S
d~S · vΩˆn(~r, E, Ωˆ, t).
This term can be rewritten in terms of a volume integral by making use
of the Gaussian theorem,∫
S
d~S · ~A(~r) =
∫
V
dV ~∇ · ~A(~r), (3.17)
to obtain∫
S
d~S · vΩˆn(~r, E, Ωˆ, t)dEdΩˆ =
∫
V
dV ~∇ · V Ωˆn(~r, E, Ωˆ, t)dEdΩˆ
=
∫
V
dV vΩˆ · ~∇n(~r, E, Ωˆ, t)dEdΩˆ. (3.18)
2. Neutron loss due to absorption in volume V .
The neutron-nuclear interaction rate at a point ~r is
ft(~r, E, Ωˆ, t) = vΣ(~r, E)n(~r, E, Ωˆ, t). (3.19)
Integrating the interaction rate given by equation (3.19) over V , the loss
of neutrons due to collision is obtained as[∫
V
vΣt(~r, E)n(~r, E, Ωˆ, t)dV
]
dEdΩˆ. (3.20)
By combining all of the terms under the neutron gain and neutron loss mech-
anism, the rate of change in the number of neutrons in V is given by∫
V
d3r
[
∂n
∂t
+ vΩˆ · ~∇n + vΣt(~r, E)n(~r, E, Ωˆ, t) (3.21)
−
∫ ∞
0
dE
∫
4π
dΩˆv′Σscat(~r, E, Ωˆ → E ′, Ωˆ′)n(~r, E ′, Ωˆ′, t)− s(~r, E, Ωˆ, t)
]
dEdΩˆ = 0.
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The integral for V will vanish when all its integrands are identical to zero
[Dud76], that is ∫
any V
f(~r)d3r = 0. (3.22)
Hence the neutron conservation equation is
∂n
∂t
+ vΩˆ · ~∇n + vΣt(~r, E, Ωˆ, t) = s(~r, E, Ωˆ, t) +∫
4π
dΩ
∫ ∞
0
dE
(
vΣscat(~r, E, Ωˆ → E ′, Ωˆ′)n(~r, E, Ωˆ, t)
)
. (3.23)
Equation (3.23) is called the neutron transport equation for which the
solution requires further simpliﬁcation to enable an analytical solution repre-
sented for eventual numerical evaluation. The neutron transport equation 3.23
is numerically solved by either stochastic or other sophisticated deterministic
methods. These methods solve the transport equation for the average particle
behavior. The Monte Carlo simulations obtain answers by simulating indi-
vidual particle events and record the tallies which provide information about
their average behavior. This information can be used to interpret the average
behavior of particles in the physical system. The deterministic methods pro-
vides a partially complete information about the ﬂux throughout the phase
space of the problem, whereas the Monte Carlo provides information about
speciﬁc tallies with an associated error, which ensures that a conﬁdence level
is established in the obtained results. The errors depends on the the number
of particles simulated. If more particles are simulated, the error associated
with the tally becomes smaller.
The Monte Carlo method is applied to neutron transport to solve the com-
plicated three-dimensional and time-dependent neutron transport problems.
This method does not use phase space boxes, because there are no averaging
approximations required in space, energy and time. This allows the detailed
representations of all aspects of physical data in the neutron transport prob-
lem. In this project, a computational method based on a Monte Carlo particle
tracking method is used to simulate neutron transport in the reactor core.
3.3 Monte Carlo method as applied to neutron
transport
To investigate the eﬀect of temperature change on the reactivity and the neu-
tron energy distribution in the core and surrounding areas, a three-dimensional
particle tracking code is required in order to simulate large numbers of events.
A computer code distributed by RSICC (Radiation Safety Information Compu-
tational Center) of Los Alamos makes this possible. The two RSICC packages
are Monte Carlo N Particle 5 (MCNP5) and Monte Carlo N-Particle X 2.6
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(MCNPX 2.6). MCNPX is a general purpose Monte Carlo N particle radia-
tion transport code designed to model the interaction of radiation with matter
over a broad range of energies [MCN09]. The transportation of particles such
as neutron, photon, electron, or coupled neutron/photon/electron particles
can be simulated using the MCNP code. This code can also calculate eigen-
values for a critical system such as a nuclear reactor. Furthermore, it is also
commonly used for radiation protection and dosimetry, radiation shielding,
medical physics, nuclear reactor criticality calculations, detector design and
analysis, and accelerator target design. The MCNP code is capable of treating
an arbitrary 3D conﬁguration, as well as using point-wise energy-dependent
cross-sectional data that represents all possible nuclear reactions, that occurs
in the reactor in the energy range 10−5 eV to 10 MeV. This makes the MCNP
code a preferred choice over other neutron transport codes. The quantities
calculated with MCNP are, for example the neutron ﬂux, current, energy or
charge deposited, heat reaction rates, response functions, radiographs, mesh
tallies of neutrons causing ﬁssion, etc.
3.3.1 An overview of the MCNP input
As shown in Appendix A, a user creates an input ﬁle which is read into the
MCNP code. This input ﬁle contains the descriptions of geometry, source par-
ticle and location, materials, selection of cross-section evaluations and tallies
that the user wants to obtain. The geometry is deﬁned in terms of cells, which
represent the volume, and surfaces, which represent the boundaries. The user
can request MCNP to count the number of particles that have entered the
particular cell or crossed a particular surface. These are known as tallies and
can be requested at any cell or surfaces except for those that have a particle
importance of zero. The data table available to MCNP is listed in a directory
ﬁle, XSDIR. Speciﬁc data tables can be selected through unique identiﬁers
for each table, called ZAIDs (atomic number Z, mass number A, and library
speciﬁer ID). More than 836 neutron interaction tables are available for about
100 diﬀerent isotopes and elements. MCNP utilizes the latest nuclear cross-
section libraries and uses physics models for particle types and energies where
tabular data are not available. Multiple tables for a single isotope are provided
primarily because data have been processed from diﬀerent evaluations and at
diﬀerent times, but also because of diﬀerent temperature regimes and diﬀerent
processing tolerances. The MCNP code can be instructed in the input ﬁle to
make various tallies related to particle ﬂux and energy deposition. All tal-
lies are normalized to be per starting particle, except in criticality calculation
(KCODE), which are normalized to be per ﬁssion neutron generation. Fluxes
will be averaged over surfaces, cells, cell segments, or sum of cells. Fluxes can
also be tallied on a mesh and superimposed on the geometry deﬁned in the
input ﬁle.
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The KCODE card is employed in the criticality calculations of the nuclear
reactor. Once the geometry and the material speciﬁcations of the model is
deﬁned, the MCNP code still requires the information regarding the KCODE
card in the input, in order to begin the criticality calculations. A typical
KCODE card contains the following information:
• Nominal source size for each cycle.
• Initial guess for keff (discussed in section 2.1).
• Number of cycles to skip before beginning tally accumulation (in case
initial source guess is poor). After these cycles are discarded, it is as-
sumed that the ﬁssion source distribution has converged to its stationary
state (the fundamental mode) and tallies for reaction rates and a keff
value may be accumulated.
• Number of cycles to be done before the problem ends.
3.3.2 An overview of the MCNP output
The output ﬁle from MCNP contains tally information and a table with a
standard summary of information to inform the user of how the simulation
was processed. The information can give insights into the physics of neutron
transport and the capability of the Monte Carlo simulations. The relative
statistical errors corresponding to one standard deviation are printed with
each tally. There is a detailed analysis after the tally report to help determine
the conﬁdence level in the results. When the program has completed the run,
it prints a report on the calculated tally if it has passed ten statistics checks.
Ten pass/no-pass checks are made for the user-selectable tally ﬂuctuation chart
(TFC) bin of each tally. Tally ﬂuctuation charts are also automatically printed
to show how a tally mean, error, variance of the variance, and slope of the
largest history scores ﬂuctuate as a function of the number of history runs.
3.4 Simulation of the generic HTGR core using
MCNP code
In this work, the MCNP code was used to simulate a neutron energy spectrum
that represents the neutron ﬂux within the core. This was supposed to provide
information on the expected neutron ﬂux in the core and observe the change
in the neutron energy distribution as the temperature of the fuel change. This
is possible because the MCNP code has a cross-section library of materials at
diﬀerent energies and temperatures.
The information on how to create an MCNP input ﬁle for the generic
HTGR core, provided in Appendix A, was obtained from the MCNP5 Crit-
icality primer III document [Bre09]. This input sample was very useful in
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obtaining more information on how to make a fuel lattice and fueling the core.
Modiﬁcations to this input were performed to include a temperature (TMP)
card and tallies. The fuel speciﬁcations were chosen to be diﬀerent from the
PBMR in order to observe the general behavior of the neutron energy spec-
trum change as the temperature of the fuel change in the generic HTGR core.
As mentioned earlier, the PBMR project is been postponed, but the current
project continue looking at the fact that there are other ongoing HTGR project
in which the technique of neutron spectroscopy and, as a results, fuel temper-
ature monitoring, could be eﬀectively used.
3.4.1 Model assumptions
The assumptions made in the simulation of the generic HTGR core model with
the MCNP code are listed below:
• The initial keff for these calculations was set to one.
• The control rods were not part of the reactor in the MCNP model. This
was done to observe the eﬀect of Doppler broadening or self-control of
the Generation-IV reactor design.
• Helium gas coolant was not part of the reactor MCNP model.
• The empty volumes of the reactor MCNP model were all void instead of
air ﬁlling.
• A body centered cubic lattice distribution of the spheres and hexagonal
packing of the fuel elements in the core is assumed over a few other
possible distributions.
• The detectors are also assumed as empty inner volumes, this was to
increase the statistical counting and to observe the raw neutron energy
spectrum without the perturbation from the detector material.
In the input ﬁle, a thermal temperature TMP card was introduced to in-
form the MCNP code that the temperature of the reactor components was
higher than room temperature and which cross-sectional library to use when
transporting the particles. The TMP cards provide MCNP code with the
time-dependent cell thermal temperatures that are necessary for the free-gas
thermal treatment of low-energy neutron transport. Since the quantity that
MCNP expects on the TMP input card is given in terms of thermal energy
E = kT , all temperatures were also converted to energy in MeV (see Table
3.1). The thermal S(α, β) cross-sectional data at a temperature higher than
1200 K was not present in the MCNP 5 code used for this simulation hence,
the simulations were done up to the highest temperature of 1200 K.
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Table 3.1: The conversion table used for MCNP input. The temperatures are
given in Kelvin, converted to energy, and the last column is the library extension
identifier. The thermal S(α, β) cross-sectional data at a temperature higher than
1200 K was not present in the MCNP 5 code used for this simulation.
Temperature (K) Energy=kT (eV) Cross-section Thermal
libraries S(α, β) libraries
293 2.58× 10−2 .70c .10t
600 5.17× 10−2 .71c .13t
900 7.75× 10−2 .72c .15t∗
1200 1.03× 10−1 .73c .17t
3.5 MCNP model simulation results
The analysis of the neutron energy spectrum from this simulation required
an understanding of the theory that describes the neutron ﬂux as a func-
tion of energy at diﬀerent temperatures of the medium. In this section, the
slow neutron energy spectrum generated in the medium is explained using the
Maxwell-Boltzmann equation of an ideal gas.
3.5.1 Maxwell-Boltzmann spectrum
Neutron spectra generated in a volume without absorption, leakage and neu-
tron source are described using the Maxwell-Boltzmann distribution theory.
These spectra are characterized by the medium temperature Tm, which implies
that the neutrons will eventually reach thermal equilibrium with the medium
nuclei. The neutron ﬂux φM(E) as a function of neutron energy is given by
the Maxwell-Boltzmann distribution [Lam66]
φM(E, T ) =
2πn
(πkBT )3/2
(
2
m
)1/2
E exp (−E/kBT ), (3.24)
where n is the density of neutrons, kB is the Boltzmann constant, m is the
neutron mass in atomic mass units, and T is the temperature of the medium.
The energy at which φM(E, T ) is maximum is denoted by ET and is obtained
by equating the derivative of equation (3.24) to zero,
dφM(E, T )
dE
=
2πn
(πkBT )3/2
(
2
m
)
d(E exp (−E/kBT ))
dE
= 0. (3.25)
The solution of equation (3.25) is
ET = kBT. (3.26)
The speed of the neutrons having an energy ET will be written as vT , that is
1
2
mv2T = kBT. (3.27)
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From equation (3.27), it is expected that the temperature of the medium would
be equal to the neutron temperature if the spectrum is in thermal equilibrium.
However, in a thermal nuclear reactor core the neutron energy distribution is
never precisely in thermal equilibrium with the medium temperature. These
eﬀects all act to shift the neutron energy distribution away from thermal equi-
librium.
3.5.2 The thermal flux
The thermal ﬂux denoted by φT (~r) is deﬁned as the integral of the energy
dependent ﬂux φ(~r, E) over the thermal energies, that is
φT (~r) =
∫ ∞
0
φ(~r, E)dE. (3.28)
In the absence of diﬀusion cooling, φ(~r, E) can be represented by equation
(3.24), namely
φ(~r, E) =
2πn(~r)
(πkBTn)3/2
(
2
m
)1/2
E exp (−E/kBT ) , (3.29)
where n(~r) is the neutron density at ~r and Tn is the eﬀective neutron tempera-
ture. Equation (3.29) can be substituted into (3.28) and the integration can be
carried out from zero to inﬁnity because the Maxwell-Boltzmann distribution
dies oﬀ so rapidly beyond E ≈ 5kBTn. Thus,
φT (~r) =
∫ ∞
0
φ(~r, E)dE =
2πn(~r)
(πkBTn)3/2
√
2
m
∫ ∞
0
E exp(−E/kBT ) (3.30)
=
2√
π
n(~r)
(
2kBTn
m
)1/2
. (3.31)
From equation (3.27),
vT =
(
2kBT
m
)1/2
, (3.32)
and substituting this into equation (3.31), one obtains
φT (~r) =
2√
π
n(~r)vT . (3.33)
Since vT depends upon the eﬀective neutron temperature Tn, it follows that
φT is also temperature dependent. If, for instance, the temperature is raised,
the thermal ﬂux increases, provided the neutron density is held constant.
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Figure 3.5: Simulated low-energy neutron flux φ(E) (solid line) with effective neu-
tron temperature Tn = 440 K and the Maxwell-Boltzmann flux distribution φM (E)
(dotted line) at 296 K, adapted from Ref. [Lam66].
3.5.3 Non-equilibrium slow neutron spectrum
The thermal ﬂux discussed above will not be in equilibrium with the medium
if there is neutron absorption, source, and leakage from the core during the
slowing-down process. This ﬂux φ(E), shown in Fig. 3.5, is acquired from the
simulation of the neutron ﬂux in a medium with absorber and water moderator
at a temperature of 296 K [Lam66]. The plot of Maxwell-Boltzmann distribu-
tion φM(E) ﬂux at the same temperature is also shown in the diagram. Both
curves are normalized to maximum values of unity. It can be seen that the
simulated ﬂux, φ(E), is made up of two components.
For energies up to about 0.15 eV, φ(E) is similar to the shape of the
Maxwell distribution, and for energies above 0.15 eV, φ(E) is proportional
to 1/E, owing to the low-energy ﬂux in the moderating region. It can be seen
that the simulated spectrum in Fig. 3.5 is shifted to larger values of neutron
ﬂux at higher energies than the Maxwell-Boltzmann distribution. This is due
to the absorption at thermal energies that tends to remove lower energy neu-
trons because of the absorption cross-section, which is proportional to 1/v.
Another reason is due to the fact that fast neutrons slow-down into the ther-
mal region from higher energies and the result is an increase in the average
energy of the thermal neutrons. The neutron ﬂux distribution in this case is
said to be hardened. In a power reactor where about 90% of the uranium is
238U and 10% is 235U (see section 3.4), the absorption is so large that the ther-
mal energy distribution is substantially diﬀerent from a Maxwell-Boltzmann
distribution.
The neutron ﬂux φ(E) might not have exactly be a Maxwell-Boltzmann
distribution, but it is convenient to assume that the slow neutron spectrum is
still predominantly Maxwell-Boltzmann-like in shape. It was found [Lam66]
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that the Maxwell-Boltzmann model at a temperature of 440 K provides a good
ﬁt to the slow neutron spectrum φ(E), and in this case 440K was said to be
the eﬀective neutron temperature Tn. Having concentrated absorbing material
such as 238U as it was in this case, increases the eﬀective neutron temperature
Tn. The condition of no absorption, leakage, and neutron source can not be
fulﬁlled in a practical system, but the spectrum in the slow neutron energy
region can still be described by a temperature adjusted Maxwell-Boltzmann
distribution. Hence, the Maxwell-Boltzmann distribution will be used to ﬁt
and extract the eﬀective neutron temperature from the MCNP-simulated neu-
tron energy spectrum in the present work.
3.5.4 Neutron energy spectrum
The neutron ﬂux φ(E) from the thermal reactor can be split into three energy
groups, namely 1, 2, and 3, as shown in Fig. 3.6. These energy groups 1, 2,
and 3 represent the slow-, intermediate- and fast neutron ﬂux respectively. A
standard formulation [Ges11] of the ﬂux can be written as
ϕ(E, T, t) = φ1(t)f1(E, T ) + φ2(t)f2(E) + φ3(t)f3(E), (3.34)
where 1, 2, and 3 refer to slow, intermediate, and fast neutrons respectively.
The component levels φi can evolve with time t, whereas the spectrum function
fi changes mainly with energy E and temperature T . The spectrum is plotted
as ﬂux per unit lethargy, which is equal to the mid-energy of the bin E times
the diﬀerential ﬂux as discussed in section 4.6.1. The lethargy plot maintains
constant width energy bins by having the bin size changed logarithmically.
This type of plot gives the best visual picture of relative neutron energies.
Hence, it is preferred to plot the neutron spectra in ﬂux per unit lethargy.
In the plot, Fig. 3.6, the highest part of the neutron energy spectrum
at energies above 0.2 MeV is characteristic of a ﬁssion neutron spectrum (dis-
cussed in section 4.4.5). The intermediate part of the neutron energy spectrum,
from 1 eV to 0.1 MeV, is from the slowing-down of the fast neutrons. The slow
neutron ﬂux, in the energy range below 0.3 eV, is a characteristic of a Maxwell-
Boltzmann distribution, as discussed earlier in section 3.5.1. This spectrum
shape is typical of all thermal reactors. The energy interval for the fast neu-
tron ﬂux, 0.2MeV to 10 MeV, is wide enough to permit the assumption that
all prompt neutrons from ﬁssion reactions are within this group. The interme-
diate energy neutrons are the result of the strong moderation due to neutrons
scattering with graphite atoms leading to a 1/E slowing-down spectrum. In
the slowing-down spectrum, the lethargy ﬂux is decreasing for decreasing E,
and has the dips caused by the resonance capture of 238U. The slowing-down
process continues until the energy in the thermal motion of atoms in the mod-
erator is equal to the neutron energy at which point a neutron can gain energy
in a collision as well as lose it. This results in a distribution that has a shape
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Figure 3.6: Normalized neutron energy spectrum within the core is split into three
energy groups, namely 1, 2, and 3 which represent the slow-, intermediate- and fast
neutron flux respectively.
similar to a Maxwell-Boltzmann distribution centered at the temperature of
the moderator or reﬂector. At room temperature, the average neutron energy
is 0.025 eV (E = kBT ); this energy is generally also used to deﬁne thermal
neutron cross-sections and corresponds to the well-known thermal neutron ve-
locity of 2200 m/s.
3.6 Neutron energy spectrum at different
temperatures
As has been said earlier, in section 2.3, there are several parameters which de-
termine the reactivity of a reactor, for example thermal utilization, resonance
escape probability, diﬀusion length, etc. These parameters are functions of the
temperature of the coolant, fuel, and moderator. Changes in the temperature
of the reactor components (fuel, moderator and coolant) lead to changes in
reactivity.
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Figure 3.7: Normalized neutron energy spectra within the core at different tem-
peratures.
In the MCNP simulation, the temperature of the fuel and moderator were
increased to observe the eﬀect on the neutron energy spectrum, which gives
important information about the behaviour of reactivity. The neutron ﬂux
perturbation due to coolant was neglected in the simulation, since the coolant
does not have a strong eﬀect on reactivity compared with fuel and moderator
temperature. The results are seen in the neutron energy spectrum shown in
Fig. 3.7. The largest part of the fuel in the core is 238U, and the neutron
capture cross-section of this isotope has several resonance. These resonances
broaden as the temperature of the fuel increases. The neutron ﬂux decreases
signiﬁcantly as they slow down passing through the resonance with a strong
resonance at 6.67 eV as shown in Fig. 3.8. It can also be noticed that the dip in
the ﬂux becomes larger as the temperature increases. At higher temperatures
the number of neutron captures in the intermediate energy region increases,
and the slow neutron ﬂux reduces as a result. Also, the absorption cross-
section for most materials in the reactor behaves as
√
1/v for lower neutron
energies. Hence, the lower energy neutrons in the spectrum are depleted by
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Figure 3.8: A closer view of the neutron flux dips near the strong absorption
resonances between 5 and 50 eV.
absorption and shifted to larger value of neutron ﬂux at higher energies. This
spectrum is hardened, which refers to the ‘hotter’ high temperature neutrons.
The rate of nuclear ﬁssion on 235U decreases with spectrum hardening, whereas
it increases for 239Pu (populated through neutron capture in 238U) [Su70]. It
is in the lower energy region of the neutron energy spectrum that an eﬀect
of fuel temperature change is strongly visible, the neutron spectrum shown in
Fig. 3.7 is divided into two components, namely the slow neutron ﬂux E < 1.2
eV and a fast neutron ﬂux E > 1.2 eV to 10 MeV.
The slow neutron ﬂux is expected not to be in equilibrium with the medium
because of a 235U ﬁssion source, absorption of the intermediate neutrons by
238U and leakage of neutrons during the slowing-down process which changes
as the fuel temperature changes. Thus, the slow neutron spectra deviates from
the Maxwell-Boltzmann distribution of thermal equilibrium. However, as has
been discussed earlier in section 3.5.3, the Maxwell-Boltzmann distribution
function can still be used to determine the eﬀective neutron temperature by
ﬁtting the slow neutron ﬂux peak with the Maxwell-Boltzmann distribution.
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Figure 3.9: The ratio of slow to fast neutron flux a function of the temperature
of the medium.
Table 3.2: The temperature distribution in the neutron energy spectra from the
PBMR in Fig. 3.10.
Temperature [K]
Line Fuel kernel Rest of the fuel Reﬂector RPV
Black 1500 1500 1488 1400
Red 800 800 788 700
Blue 1500 800 788 700
In addition, it is observed that the counts in the slow neutron ﬂux increase
while those in the fast neutron ﬂux remain relatively constant with an increase
in temperature. The ratio of fast neutron ﬂux to lower energy ﬂux is plotted in
Fig. 3.9. It can be noticed that the ratio of slow to fast neutron ﬂux increases
with an increase in temperature.
3.7 Benchmark of the generic HTGR MCNP
model with the PBMR deterministic model
Simulations of the PBMR reactor operating at diﬀerent temperatures had
been performed earlier at the PBMR Company [Zam10], so it was important
to verify whether the results from the present simulations are consistent with
their results from the Generation-IV HTGR PBMR reactor. The benchmark
spectrum was obtained from deterministic method criticality simulations as
shown in Fig. 3.10. In general, the plot pattern looks somewhat similar
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Figure 3.10: Neutron energy spectra within the core from PBMR simulated at
the temperatures presented in Table 3.2, [Zam10].
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Figure 3.11: Normalized neutron energy spectra within the core at temperature
of 1500 K for fuel and 800 K for the rest of the reactor components, 800 K for fuel
and for the rest of reactor components, and 1500 K for fuel and for the rest of reactor
components.
Stellenbosch University   http://scholar.sun.ac.za
CHAPTER 3. NEUTRON TRANSPORT IN THE NUCLEAR REACTOR 35
Figure 3.12: The neutron energy spectra at different temperatures within the
outer graphite reflector of the PBMR reactor, [Zam10].
from low to high energy neutrons. In the low energy region, both spectra
are hardened, i.e., shifted to larger value of neutron ﬂux at higher energies
as the temperature of the core increases. This is because of the factors that
are discussed in section 2.3. The spectrum in Fig. 3.10 have more resonance
absorption eﬀects on the intermediate energy region as compared to that in
spectrum in Fig. 3.11. These defects are due to some diﬀerences in cross-
section libraries used in the two codes.
The neutron ﬂux proﬁle at diﬀerent temperature at diﬀerent places in the
reactor was also obtained using the deterministic method. These were simu-
lated to determine the eﬀect of the outer graphite reﬂector and RPV to the
neutron ﬂux proﬁle that leaks out of the core. As seen in Fig. 3.12, the neutron
ﬂux proﬁle within the reﬂector has not changed much from the one within the
core shown in Fig. 3.10, but the ﬂux has reduced by two orders of magnitude.
In contrast, neutron ﬂux within the RPV, Fig. 3.13, have reduced and the
proﬁle have changed signiﬁcantly from the one in the core. This is because
fast neutrons are moderated and slow neutrons are absorbed as they attenuate
the graphite, core barrel and RPV which contains the slow neutron absorbing
material 10B.
3.8 Effective neutron temperature
As has been pointed out in section 3.5.4 that the neutron energy spectrum is
the sum of the slow, intermediate and fast neutron spectrum. In this calcu-
lation, the slow neutron spectrum is of interest in determining the eﬀective
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Figure 3.13: The neutron energy spectra at different temperatures within the
reactor pressure vessel of the PBMR reactor, [Zam10].
Figure 3.14: The resultant spectrum of lower neutron energies after subtraction
of the intermediate and fast neutron spectra.
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Figure 3.15: Maxwell distribution function shown in solid line does not fit the
data at lower neutron energies well.
neutron temperature for each temperature of the medium. Therefore, an in-
termediate and fast neutron spectrum are subtracted from the neutron energy
spectrum and the resulting spectrum is shown in Fig. 3.14. This slow neu-
tron peak can now be ﬁtted with a Maxwell-Boltzmann distribution equation
(3.24);
φM(E) = A · E exp (−E/kBT ). (3.35)
Here, A is a constant for normalization and T is an energy parameter analo-
gous to a moderator temperature in the reactor. Since the present slow neutron
spectrum φ(E) is calculated per unit lethargy, the Maxwell-Boltzmann distri-
bution φM(E) is multiplied with energy E for normalization of the two spectra.
Equation (3.35) becomes
EφM(E) = A · E2 exp (−E/kBT ). (3.36)
Fig. 3.15 shows the ﬁtting yields obtained with the function (3.36). It can
be noticed that the function EφM(E) is not a good ﬁt to the data at lower
neutron energies E < 2 × 10−2 eV, and the ﬁtting line is above the data.
The Maxwell-Boltzmann distribution neglects some important physical eﬀects
when characterizing the slow neutron ﬂux. These are the energy dependence
of the absorption cross-section σabs(E) for the material, neutrons entering into
and leaking out of the core, and the source of neutrons through the ﬁssion
process. In the reactor, the absorption cross-section for the fuel material is
proportional to 1/v and the absorption at low energies tends to larger at the far
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Figure 3.16: The slow neutron spectra of medium temperature Tm = 300, 600,
900 and 1200 K are shown with a modified Maxwell-Boltzmann distribution function
to fit the data.
Table 3.3: Fitting results for thermal flux spectra.
Tm (K) Parameter C Tn (K) Parameter A
293 2.32± 0.09 401± 5 (3.00± 0.09)× 1021
600 2.19± 0.06 690± 9 (1.00± 0.04)× 1020
900 2.18± 0.07 875± 6 (9.0± 0.1)× 1019
1200 2.12± 0.04 1316± 8 (1.00± 0.02)× 1019
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end of the low energy range. Also, the absorption resonance of 238U removes
intermediate energy neutrons before being thermalized and become part of
the slow neutron spectra. To compensate for the absorption eﬀects, φM(E) is
supposed to be multiplied by E, but if we considering that some fast neutrons
escapes the absorption resonances as they slow down. Then, the new ﬁtting
function is deﬁned as
φ(E) = A · EC exp (−E/kBT ). (3.37)
The exponential parameter C in equation (3.37) provides a good ﬁt to the data
when using the Gnuplot program [Gnu08]. Fig. 3.16 shows the optimum ﬁtting
of the slow neutron spectra and Table 3.3 shows the corresponding parameters
obtained. The parameter C decreases with an increase in temperature of
the medium Tm, which could be due to the eﬀects explained earlier in this
section. The results from the ﬁt of the spectra shows that the eﬀective neutron
temperature is higher than the temperature of the medium as presented in the
Table 3.3. In the fuel kernel where the ﬁssion products have deposited almost
all of their energy, these temperatures Tn are even higher.
Developing a neutron detector that is sensitive to this neutron energy range
will provide information about the change of temperature in the core. The
discussion on in-core temperature monitoring is given in Chapter 7.
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Chapter 4
Introduction to neutron physics
The successful development of a neutron detector is based on a good under-
standing of the physics involved in neutron detection. This includes deter-
mining the type of interaction that converts neutrons into charged particles
and material sensitive to the neutron energy region of interest. Information
about diﬀerent types of neutron-producing reactions, neutron source intensity
and their energy range are also of importance in the development of a neutron
detector.
4.1 Neutron sources
Neutrons are neutral particles and are one of the constituents of the nucleus.
The release of the neutrons requires a process that frees them from the strong
nuclear forces that holds the nucleus together. Such processes are nuclear
reactions, where two nuclei, neutron and a nucleus, charge particle and nu-
cleus fuse to form a compound nucleus that de-excites by emitting neutrons,
and spontaneous ﬁssion [Adl09] where a very unstable heavy nuclei under-
goes spontaneous ﬁssion. In this section we describe the principal sources of
neutrons.
4.1.1 Nuclear reactor neutron source
Nuclear reactors are the most abundant source of neutrons with a wide range
of energies. The neutron energy distribution from the ﬁssion of 235U and
the decay of ﬁssion products extends from a few keV to more than 10 MeV.
Research reactors often have beam ports from which neutron beams emerge
into experimental areas outside the main reactor shielding. These neutrons are
usually degraded in energy, having passed through parts of the reactor core
and coolant as well as the structural materials. A detailed discussion of the
neutron production from the nuclear ﬁssion process is found in section 4.4.5.
40
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4.1.2 Neutron generator source
The monoenergetic neutrons are produced through nuclear fusion reactions of
two nuclei in the neutron generator device. This generator uses a compact
linear accelerator to accelerate either deuterium (D), tritium (T), or a mixture
of these two isotopes into a metal hydride target, which contains either D,
T or a mixture to create a fusion reaction. In neutron generators, the two
important fusion reactions are the D-T and D-D reactions. These reactions
can occur with ions of a few hundreds keV in energy, and are exothermic.
The D-T reaction results in the formation of a 4He ion and a neutron with
an average kinetic energy of approximately 14.1 MeV. The neutron sources
employing this type of reaction are typically known as 14 MeV neutron gener-
ators, even though the neutron energy varies slightly, depending on the angle
of emission. The neutron yield of current generators is up to 5 × 1011 n·s−1
and can potentially reach 1014 n·s−1. The D-D reaction results in the forma-
tion of a 3He nucleus and the release of a neutron with a kinetic energy of
approximately 2.45 MeV. The neutron yield can be up to 1012 n·s−1. The D-T
reaction provides a high yield of neutrons with low accelerated particle energy.
Hence, the D-T reaction has become the most widely-used neutron-generating
mechanism in ﬁeld applications. The advantage of using a neutron generator
source is that it can be switched oﬀ when not in use.
4.1.3 The (α, n) source
Neutrons are produced when an energetic α particle, emitted from various ra-
dionuclides such as 210Po, 226Ra, 239Pu or 241Am, interacts with light elements
such as Be and B to induce (α,n) reactions. An α-source and light elements
may be mixed together as powder and encapsulated to make a radioactive
neutron source. In order to minimize the Coulomb repulsion between the α
particle and the target nucleus, the light elements are used as converters. The
neutron intensity from an (α, n) source dies oﬀ with the half-life of the α-
emitter [Tur95]. A continuous neutron energy spectrum up to a maximum is
produced from this type of source. This is because the α-particle slows down,
through interaction with the source material, by diﬀerent amounts of energy
before striking a nucleus. The neutron and recoil nucleus share a total energy
equal to the sum of the Q value and kinetic energy that the α particle has as
it strikes the nucleus. The (α,n) neutron sources are listed in Table 4.1.
4.1.4 Photoneutron (γ,n) source
Neutrons are produced when energetic photons interact with nuclei through
the (γ,n) reaction. The photons must possess suﬃcient energy to overcome the
neutron binding energy in the nuclei and induce the reaction. The photoneu-
tron production cross-section σ(γ,n)(E) for most nuclei has an energy threshold
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Table 4.1: Some of the α-particle neutron reactions.
Source Nuclear reaction Average neutron Half-life
Energy [MeV]
210PoBe (α,n) 4.2 138 d
210PoB (α,n) 2.5 138 d
226RaBe (α,n) 3.9 1600 y
226PoB (α,n) 3.0 1600 y
239PoBe (α,n) 4.5 24100 y
Table 4.2: The (γ,n) reaction for the neutron production.
Nucleus Threshold energy reaction
2H 2.225 2H(γ,n)1H
6Li 3.698 6Li(γ,n)5Li
9Be 1.665 9Be(γ,n)αα
13C 4.946 13C(γ,n)12C
of about 7 MeV, and increases by several orders of magnitude to a maximum
of a few mb·nucleon−1 at photon energies of about 20 MeV to 23 MeV for light
nuclei (A ≤ 40) or 13 MeV to 18 MeV for medium and heavy nuclei [Joh11].
Only a few light nuclides have low thresholds (less than 7 MeV) for the (γ,n)
photoneutron reactions. The threshold energy for some photoneutron source
reactions are listed in Table 4.2. In a high energy electron accelerator, the bom-
bardment of a target with energetic electrons produces intense Bremsstrahlung
γ-rays with an energy distribution up to the incident electron energy [Liu01].
These photons are absorbed in the target nuclei, causing excitations that re-
lease energetic photoneutrons during the de-excitation process [Bha05]. The
(γ,n) photoneutron production reaction mechanism can also be used to pro-
duce laboratory neutron sources by throughly mixing a beryllium compound
with a radionuclide that emits high-energy ionizing photons such as americium
(Am) and antimony (Sb). Alternatively, the encapsulated radionuclide can be
surrounded by a beryllium-bearing shell. One of the most commonly used
sources of photoneutrons is an antimony-beryllium (Sb-Be) mixture [Hum51],
which has the advantage of being rejuvenated by exposing the source to reactor
neutrons to transmute the stable 123Sb into radioactive 124Sb (60.2 days). Such
sources typically emit about 30 neutrons per 10 Bq of 124Sb. Photoneutron
sources emit reasonably mono-energetic neutrons.
4.1.5 Spontaneous fission neutron source
Neutrons are produced in the spontaneous ﬁssion of some heavy nuclei. These
may be encapsulated and used as neutron sources in the laboratories. Ex-
amples of some important spontaneous ﬁssion sources are 254Cf, 252Cf, 244Cm,
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238Pu and 232U. Californium-252 is the most common and practical source be-
cause of its yield of 2.3×1012 n·s−1·g−1 (4.3×109 per curie). The neutrons are
emitted with an energy distribution ranging from thermal up to several MeV,
with an average of about 2.3 MeV. The half-life of 252Cf is 2.638 years, and
transformation occurs by ﬁssion about 3% of the time and by α-particle emis-
sion about 97% of the time. Of all the spontaneous neutron ﬁssion sources,
254Cf is a special case, as it decays almost completely by spontaneous ﬁssion
with a 60-day half-life.
4.1.6 Accelerator-based neutron source
Particle accelerators such as the Van de Graaf or cyclotron are used to generate
neutron beams by means of a number of nuclear reactions described in more
detail in section 4.2.1. For example, an accelerated high energy proton from
the cyclotron strikes a metal beryllium target and produces neutrons via the
9Be(p,n)10B reaction. The energy of the accelerated particles or nuclei must be
enough to overcome the Coulomb barrier between the projectile and the target
nuclei in order for the reaction to occur. Neutrons released in this reaction
have a distribution that is peaked in the direction of the proton beam and,
depending on the number of protons in the incident beam, the cyclotron source
can produce an intensely focused beam of neutrons. The energy distribution
of the emitted neutrons depends on the target thickness and the reaction kine-
matics. A projectile of the same energy will loose much more energy in a thick
target than in a thin target. The common neutron-yield targets are light mass
nuclei such as 7Li and 9Be, typically in solid form.
4.2 Neutron interactions
The neutron interactions with matter are dominated and characterized by the
strong nuclear force, which has an interaction range of the order of ≤ 10−14 m.
This is because, neutrons are neutral and do not feel an electromagnetic force.
The probability of the neutrons of a given energy interacting varies widely with
the nature of the target. Neutron interactions with matter are subdivided into
six groups: elastic scattering, inelastic scattering, radiative capture, charged
particle emission, neutron emission and nuclear ﬁssion, as shown in Table 4.3.
In most of these interactions, neutrons are incorporated into the nucleus and
form an excited compound nucleus that has an atomic mass number increased
by one in comparison to the target nucleus. In the formation of a compound
nucleus, the kinetic energy of the incident neutron is all transfered to the target
nucleus.
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Table 4.3: Different types of neutron interactions.
Elastic Inelastic Radiative Charged particle Neutron Nuclear
capture emission emission ﬁssion
(n,n) (n,n′) (n,γ)
(n,p) (n,2n)
(n,f)
(n,α) (n,3n)
(n,d) (n,4n)
etc. etc.
4.2.1 Nuclear reactions
A nuclear reaction is deﬁned as the interaction between two nuclear particles,
i.e. two nuclei or a nucleus and a nucleon, and the products are two or more
nuclear particles or γ-rays. In a typical nuclear physics experiment, one of the
particles will be the projectile and the other will be the target, and there are
several possible reactions that can occur when the two interact. An example
of a possible reaction when 235U is bombarded by low energy neutrons in the
range of 0.025 eV is
1
0n +
235
92 U→23692 U + γ, abbreviated as 23592 U(n, γ)23692 U, (4.1)
or when 16O is bombarded by energetic neutrons, one of the possible reactions
is
1
0n +
16
8 O→168 N + p, abbreviated as 168 O(n,p)168 N, (4.2)
where the symbols n and p refer to the incident neutron and the emitted
proton respectively. Nuclear reactions are governed by four fundamental laws;
conservation of nucleons, charge, momentum, and energy. The principle of
the conservation of energy can be used to predict whether a certain reaction
is energetically possible. The total energy before a reaction is the sum of the
energies of the projectile and target plus each of their rest-mass energies. In
the same way, the energy after a reaction is the sum of the energies of the
reaction products plus each of their rest-mass energies. By conservation of
energy it then follows that
EA + EB + [MA + MB]c
2 = EC + ED + [MC + MD]c
2, (4.3)
where EA, EB, EC and ED are the kinetic energies of the particles, and MA,
MB, MC , and MD are the rest mass of the particles A, B, C, and D respec-
tively, and c is the speed of light. Equation 4.3 can be rearranged in the
form
(EA + EB)− (EC + ED) = [−(MA + MB) + (MC + MD)]c2. (4.4)
The right-hand side of this equation is referred to as the reaction energy (Q-
value). The sign of the Q-value deﬁnes the energy gained or lost due to the
diﬀerence between the initial and ﬁnal masses during the reaction. A reaction
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where the Q-value is greater than zero (Q > 0) is called exothermic. In this
reaction, the nuclear mass is converted into kinetic energy and there is a net
increase in the kinetic energy of the particles. An endothermic reaction is
when the Q-value is less than zero (Q < 0). In this reaction, kinetic energy
of the projectile particle is converted into mass and there is a net decrease in
the energies of the particles. There are a number of possible neutron-induced
nuclear reactions, such as nuclear ﬁssion (n, ﬁssion), capture (n,γ), scattering
(n,n′) and charge particle (n, α) reactions. These are the reactions of most
interest in the analysis of a nuclear ﬁssion reactor and the detection of neutrons.
The next section provides an overview of the diﬀerent types of neutron-
induced nuclear reactions. However, we ﬁrst introduce the concept of a neutron-
induced cross-section for the nuclear reactions in general.
4.3 Neutron cross-sections
The probability of a particular reaction between a neutron and a nucleus oc-
curring is expressed in terms of cross-section. In the case of a neutron-induced
nuclear reaction, the probability of a particular reaction taking place depends
on the target nucleus and the incident neutron energy. Neutron interaction
cross-sections vary as a function of the incident neutron energy and also as a
function of the isotopes of the same element. The interaction cross-section can
be expressed in two ways, microscopic σ or macroscopic Σ cross-section, and
will be discussed in the next section.
4.3.1 Microscopic cross-sections
The microscopic cross-section deﬁnes the probability of interaction between a
neutron and an individual nucleus. As shown in Fig., 4.1 a parallel monoen-
ergetic neutron beam bombards a thin target of thickness x and area A.
In this thin target, all target nuclei are exposed to the same beam intensity.
The number of neutrons that collide with the target nuclei is proportional to
the neutron beam intensity and the total number of nuclei in the target. In
this geometry the intensity of the neutron beam is deﬁned as equivalent to the
neutron ﬂux incident onto the target. Thus intensity of the incident neutron
beam (in units of n·s−1) is given by the neutron density n multiplied by their
average velocity v¯,
I0 = nv¯. (4.5)
The total number, Ntotal, of nuclei in the target of atomic density N is deﬁned
as
Ntotal = NAx,
The number of collisions per second is
σtI0NAx, (4.6)
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Figure 4.1: A monoenergetic neutron beam incident normally upon a thin target.
where σtI0 represents the number of neutron collisions with a single target
nucleus per unit time. Hence, σt is the eﬀective cross-sectional area presented
by the nucleus to the beam of incident neutrons, and is measured in barn,
hereinafter is represented by the symbol b, where b = 10−24 cm2.
4.3.2 Macroscopic cross-sections
The macroscopic cross-section deﬁnes the probability for a particular reaction
with nuclei in bulk material such as a thick target. In a thicker target, the
nuclei deeper within the target material tend to be hidden from the incident
beam by the nuclei exposed to the incoming beam. The schematic diagram in
Fig. 4.2 shows a neutron beam incident on a surface of a target of arbitrary
thickness. The equation for the non-interacting beam intensity I(x) at any
point x in the target is derived as follows. We consider a target with diﬀerential
thickness between x and x + dx. Since dx is inﬁnitesimally thin, the results
from studies with thin targets may be used to calculate the rate at which
neutrons undergo interactions in dx per cm2. The number of target nuclei per
cm2 in dx is given by
dNA = Ndx,
where N is the density of nuclei in the target. The total reaction rate per unit
area in dx then is
dR = σtIdNA = σtINdx. (4.7)
Equating the reaction rate to the decrease in beam intensity between x and
x + dx,
−dI(x) = −[I(x + dx)− I(x)] = σtINdx. (4.8)
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Figure 4.2: A monoenergetic beam attenuation through a thick target.
Dividing equation (4.8) by dx results in a diﬀerential equation for the beam
intensity I(x) as given by,
dI
dx
= −NσtI(x). (4.9)
Equation (4.9) can be solved subject to an incident beam intensity of I0 at
x = 0 to obtain an exponential attenuation of the incident beam of the form
I(x) = I0 exp(−Nσtx). (4.10)
The product of the atomic number density N and the microscopic cross-section
σt that appears in the exponential term is customarily denoted by a symbol,
Σt ≡ Nσt
This symbol Σt is referred to as the macroscopic cross-section characterizing
the neutron interaction with bulk target material. The macroscopic cross-
section Σt can be interpreted as the probability per unit path length tra-
versed by a neutron without any interaction. In this sense, exp(−Σtx) is the
probability that a neutron travels a distance dx without any interaction, and
Σt exp(−Σtx)dx is the probability that a neutron has its ﬁrst interaction in
dx. With this interaction probability, one can calculate the average distance
a neutron travels before interaction with a nucleus in the target
x¯ ≡
∫ ∞
0
xp(x)dx = Σt
∫ ∞
0
x exp(−Σtx)dx = 1
Σt
, (4.11)
where p(x) is the probability that a neutron has an interaction in dx. The
symbol x¯ represents the particles mean free path, since it essentially measures
the average distance a neutron is likely to move freely before colliding with a
nucleus.
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Figure 4.3: Angular scattering of the neutron into the detector system.
4.3.3 Angular distributions and differential
cross-sections
If a neutron detector is placed at some distance behind the neutron-producing
target, those neutrons that interact with the sensitive part of the detector will
be counted. However, if the detector is moved oﬀ the axis of the incident
beam, as shown in Fig. 4.3, only scattered neutrons will be observed. The
number of neutrons scattered into the detector per unit time is a function
of the angle θ of the detector about the direction of incident beam. If the
aperture of the detector is doubled, roughly twice as many neutrons are able
to enter per unit time. The scattered neutrons are also proportional to the
intensity of the incident beam, atom density, area and thickness of the target
and to the solid angle subtended by the detector. If the neutrons that arrive at
the detector are as a result of elastic scattering, then the number of scattered
neutrons entering the detector per unit time dn(θ) is written as
dn(θ) = σs(θ)INAxdΩ(θ), (4.12)
where σs(θ) is the microscopic angular scattering cross-section, I is the inten-
sity of the beam, N is the density of the target atoms, A is the area of the
target, and x and dΩ(θ) are the thickness of the target and the solid angle sub-
tended by the detector at the target, respectively. Since dn(θ) is the number of
neutrons scattered per unit time from the beam into solid angle dΩ(θ), it can
be seen that the diﬀerential cross-section σs is proportional to the probability
that a neutron interacting in the target will be elastically scattered into the
solid angle dΩ(θ).
The probability that a neutron will be scattered through all angle is there-
fore equal to the integral of σs(θ) over the full solid angle. This, in turn, must
be equal to the scattering cross-section σs, deﬁned as
σs(θ) =
∫
4π
σs(θ)dΩ(θ), (4.13)
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Figure 4.4: Schematic diagram of an elastic scattering interaction of a neutron
with a hydrogen nucleus. The initial energy of the neutron is shared between the
neutron and recoiling nuclei E/2.
where 4π indicates that the integration is to be carried out over the full solid
angle. Since σs(θ) in this integral does not depend upon the angle ϕ, the
diﬀerential solid angle can be written as dΩ = sin θdθdϕ =
∫ 2π
0
dϕ sin θdθ =
2π sin θdθ, and equation (4.13) becomes
σs = 2π
∫
4π
σ(θ) sin θdθ. (4.14)
4.4 Scattering interaction reactions
When a neutron is scattered by a nucleus, its speed and direction change, but
the mass number of the nucleus is conserved. The scattering events can be
subdivided into elastic and inelastic scattering. Neutrons can interact with the
nucleus through elastic scattering producing a recoiling nucleus while inelastic
scattering produces an excited recoiling nucleus.
4.4.1 Elastic scattering A(n,n)A reactions
In an elastic scattering reaction (Fig 4.4), a fraction of the kinetic energy of
the incident neutron is transfered to the target nucleus which then moves at
an increased speed. The momentum and kinetic energy of the neutron and the
nucleus are conserved in the elastic scattering events.
Mnvni + MtVti = Mnvnf + MtVtf ,
and
1
2
Mnv
2
ni +
1
2
MtV
2
ti =
1
2
Mnv
2
nf +
1
2
MtV
2
tf ,
where
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• Mn and Mt are the mass of the neutron and target nucleus, respectively.
• vni and Vti are the initial velocity of the neutron and target nucleus before
the collision, respectively.
• vnf and Vtf are the ﬁnal velocity of the neutron and target nucleus after
the collision, respectively.
Elastic scattering can occur in two ways, namely the potential and the reso-
nance elastic scattering. In potential elastic scattering, the neutron and nu-
cleus are visualized as billiard balls with impenetrable surfaces. This occurs
when the kinetic energy of the incident neutrons is less than 1 MeV. The neu-
tron is scattered by the short-range nuclear force at a distance close enough
to the nucleus. In the resonance elastic scattering, the neutron is absorbed by
the nucleus and forms an excited compound nucleus which is followed by the
re-emission of the neutron in such a way that the total kinetic energy is con-
served and the nucleus returns to its ground state. This process is dependent
of the initial kinetic energy of the neutron. Elastic scattering is more impor-
tant in slowing down fast neutrons, particularly in thermal neutron reactors.
For a neutron of kinetic energy E encountering a nucleus of atomic mass A,
the average energy loss E¯ is given by [Nucl11]
E¯ = 2E
A
(A + 1)2
. (4.15)
This expression shows that, in order to reduce the speed of neutrons with
a minimum number of elastic collisions, light elements should be used. By
using a material with A = 1, the average energy loss has its largest value of
E/2. This is because the mass of the neutron and the proton are practically
identical. Hence, a neutron with 3 MeV of kinetic energy will on average lose
1.5 MeV with one elastic collision and 0.75 MeV after the second collision,
and so on. To achieve the thermal neutron energy of 0.025 eV, a neutron will
undergo an average of 75 elastic collisions.
4.4.2 Inelastic scattering A(n,n′)A reactions
An inelastic scattering, A(n,n′)A, reaction occurs when the incident energy of
the neutron is enough to place the target nucleus in one of its excited states. As
a result, the inelastic cross-sections have the threshold energy. A general trend
is that heavier nuclei have low excited energy levels while lighter mass nuclei
have high excited energy levels and the excited states of the nuclei decrease
with increasing mass number. The lighter nuclei have high nuclear excitation
energies of a few MeV, while intermediate and heavy nuclei usually have the
least excitation energy, in the range of 0.1 to 1 MeV. For these reasons, inelastic
reactions occur only for relatively high neutron energies with low mass nuclei.
An example of an energy level diagram for 12C is shown in Fig. 4.5.
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Figure 4.5: An energy level diagram of an inelastic neutron scattering reaction on
12C, data from [NNDC].
Figure 4.6: Schematic diagram of an inelastic neutron scattering interaction with
a nucleus.
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The inelastic scattering reaction proceeds as follows, as shown in Fig. 4.6,
the neutron is ﬁrstly absorbed by the target nucleus to form a compound
nucleus as an intermediate stage of the interaction process. The compound
nucleus is formed in an excited state due to the energy brought by the incident
neutron. The compound nucleus de-excites by emitting a neutron of lower
kinetic energy, denoted by n′, γ-rays or breaking up into smaller fragments.
The inelastic scattering interaction plays an important role in slowing down
high energy neutrons. If the kinetic energy of the incident neutron is high
enough to excite several levels of the target nucleus, the energies of the emitted
neutrons can be represented by a smooth function. Thus, P (E → E ′)dE is
the probability that an inelastic neutron is emitted with an energy between
E ′ and E ′ + dE ′ when the nucleus is struck by neutrons of energy E and is
deﬁned as
P (E → E ′)dE ′ = E
′
T 2
exp(E/T 2)dE ′, (4.16)
where temperature T = 3.2
√
E/A, and A is the atomic mass number. In-
tegrating equation (4.16) from 0 to inﬁnity gives the average energy of an
inelastic neutron as
E¯ ′ =
1
T 2
∫ ∞
0
E ′ exp(E/T 2)dE ′ = 2T. (4.17)
Taking as an example, when 10 MeV neutrons bombard a 238U nucleus, the
temperature T = 3.2
√
10/238 = 0.66, hence the average energy E¯ ′ of an
inelastic neutron is 1.32 MeV, and the average energy loses E¯ = 8.62 MeV as
a result of a single inelastic collision. Since neutrons are indistinguishable, it
is not important to know whether it is an incident neutron that is emitted, as
long as some neutrons are emitted from the interaction. Inelastic scattering
interactions are eﬀective at slowing down fast neutrons when compared to
elastic scattering. For example, the same 10 MeV neutrons will lose E¯ =
E
2
(
1− (A−1
A+1
)2)
= 0.083 MeV as a result of a single elastic collision with 238U.
4.4.3 Neutron capture A(n,γ)A reactions
The radiative capture (n, γ) reaction is one of the interactions that neutrons
undergo with the matter. In this reaction, as shown in Fig. 4.7, the incident
neutron is absorbed by the target nucleus of atomic mass A to form an ex-
cited compound nucleus of atomic mass A+ 1. In the formation of an excited
compound nucleus, the incident neutron transfers all of its energy to the tar-
get nucleus. This excited compound nucleus subsequently decays by emitting
γ-rays. The neutron capture cross-section is energy dependent and the absorp-
tion resonances appear at those energies at which the center-of-mass energy
Ecm plus the neutron binding energy Eb match an energy level of the com-
pound nucleus. An example of the absorption resonance situation for neutron
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Figure 4.7: Schematic diagram of neutron capture interaction showing a compound
nucleus loosing the excitation energy via γ-ray emission.
Figure 4.8: An energy level diagram of the capture resonance in 238U with the
strong resonance at 6.67 eV, data from [NNDC].
capture in the 238U nucleus is shown in Fig. 4.8. Unlike the inelastic scat-
tering interactions which have the energy threshold of several MeV on light
nuclei, the neutron capture reaction require no speciﬁc energy level and the
reaction can occur with neutrons of any energy. In general, the cross-section
for these reactions are also large at low neutron energies and decreases rapidly
as a function of neutron energy, shows the 1/v dependence. These reactions
are almost always exothermic (positive Q-value) because the energy carried
by the reaction products is larger than the sum of the energy of the incident
neutron and the original nucleus.
For discrete energy levels, it is possible to describe the energy dependence
of the capture cross-section by the single-level resonance Breit-Wigner formula
[Dud76]:
σ0(Ec) = σ0
Γγ
Γ
(
E0
Ec
)1/2
1
1 + x2
, (4.18)
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Figure 4.9: A single level capture resonance peak from 238U, data from [NNDC].
where the variable
x =
2
Γ
(Ec − E0), (4.19)
and
• E0 is the resonance energy, i.e. the energy at which Ec +Eb matches the
energy level of the compound nucleus.
• As seen in Fig. 4.9, Γ is the total level width of the resonance peak that
essentially characterizes the width of the energy level and the full width
at half-maximum (FWHM) of the resonance.
• Γγ is the energy-independent partial level width for γ-ray emission.
• σ0 is the cross-section at the resonance.
The cross-section σt(E0) at the resonance energy E0 can be written in terms
of the reduced neutron wavelength λ¯ at E0,
σ0 = 4πλ¯
2
0g
Γn
Γ
, (4.20)
where Γn is the neutron level width that varies in energy as Γn E1/2, and g is
the statistical spin factor deﬁned in terms of the nuclear spin I and total spin
J ,
g =
(2J + 1)
2(2I + 1)
. (4.21)
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Figure 4.10: Capture cross-section of 238U as a function of incident energy E at
a temperature 0 K, data from [NNDC].
The Breit-Wigner resonance as a function of center-of-mass kinetic energy Ec
is shown schematically in Fig. 4.9. Resonance absorption occurs mostly in
heavy nuclei, hence the center of mass Ec ≈ E.
As shown in Fig. 4.10, the radiative capture cross-section is divided into
the following three energy regions:
1. In the lower neutron energy E << E0 region, in most nuclei, the radia-
tive capture cross-section varies as E−1/2, where E is the energy of the
incident neutron.
2. An energy region where E = E0, below the region energy 1, is the energy
range for resonance. The neutron capture cross-section in the resonance
region is deﬁned using the Breit-Wigner formula, (4.18). In Fig. 4.10,
it can be seen that the absorption resonance peaks are so closely spaced
that they cannot be resolved by experimental measurements.
3. Above the resonance E >> E0 region ending around 1 keV in heavy
nuclei and at higher energies in lighter nuclei, the neutron capture cross-
section decrease fast and smoothly to very small values, less than 1mb.
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Figure 4.11: The cross-sectional plot for neutron-induced light element break-up
reactions, data from [NNDC].
4.4.4 Charged particle ejection reactions
In charged particle ejection reactions, the incident neutron is absorbed by
the target nucleus, forming an excited compound nucleus. This excitation
energy is above the particle threshold, causing the compound nucleus to emit
a proton or an α-particle and a recoil nucleus, or undergo a break-up reaction.
Thus, neutron-induced charged particle reactions are of importance in neutron
detection since the neutral particle can produce more detectable radiations.
Examples of a few important reactions in which the Q-value is positive are
1. 3He+n=3H+p
2. 6Li+n=3H+α
3. 10B+n=7Li*+α, 7Li+α
The cross-sectional plot for the reactions 1, 2 and 3 are shown in Fig. 4.11.
The cross-section is very large at low neutron energies and as the neutron en-
ergy increases, the cross-section decreases rapidly following 1/v dependence.
Hence, 3He, 6Li and 10B are widely used as neutron converters in slow neutron
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Figure 4.12: Schematic diagram of nuclear fission process where an unstable
compound nucleus split into two fragments accompanied by neutrons and γ-rays.
detectors. The cross-section for neutron interactions with 6Li is shown in the
second plot Fig. 4.11 and exhibits a resonance peak at energy 250 keV corre-
sponding to the formation of the excited compound nucleus states in 7Li*. In
this resonance peak, the cross-section is enhanced by one order of magnitude.
The charged particles produced in this reaction are ejected in opposite direc-
tions with relatively high energies that can produce a considerable ionization
along a short range. These reactions are the basic interactions upon which
gas, plastic and glass scintillator neutron detectors are developed.
4.4.5 Nuclear fission reactions
In the nuclear ﬁssion reactions, neutrons of lower energy are essentially ab-
sorbed by heavy nuclei, which together form an excited compound nucleus.
The probability for these reactions to occur is large with the neutrons of lower
energy as seen in Fig. 4.13. As shown in a schematic diagram of the nuclear
ﬁssion reaction in Fig. 4.12, the excited compound nucleus is unstable and
breaks-up into two nuclei of intermediate mass called the ﬁssion fragments,
accompanied by the release of two or three neutrons called the prompt neu-
trons. Nuclear ﬁssion of heavy elements is an exothermic reaction that releases
large amounts of energy, both as γ-rays and as kinetic energy of the ﬁssion
fragments. Energy of the order of 200 MeV, is released in each ﬁssion reac-
tion. The ﬁssion fragments produced are both highly charged and energetic.
They slow down via collisions with adjacent atoms, losing energy and charge
(picking up electrons) in the process. This is in fact the principal mechanism
by which the ﬁssion energy eventually appears as heat generated in the fuel
material. Further, the ﬁssion fragments tend to have both excess energy and
neutrons, so there is still some radioactive decay of these nuclei, which produce
more neutrons. The energy released from this radioactive decay can amount to
about 4-5% of the total energy released in the ﬁssion reaction, and is deposited
as heat to the fuel. This decay heat appears corresponding to the half-lives of
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Figure 4.13: The cross-sectional plot of the nuclear fission 235U(n,f) reaction, data
from [NNDC].
Table 4.4: The amount of energy released in the nuclear fission process.
Fission reaction products Energy (%) Range Time delay
KE of ﬁssion fragments 80 < 0.01 cm prompt
Fast neutrons 3 10 to 100 cm prompt
Fission γ-rays 4 100 cm prompt
Fission product β-decay 4 < 1 cm delayed
Neutrinos 5 non recoverable delayed
Non ﬁssion reaction-
due to neutron capture 4 100 cm delayed
the various nuclei involved. The energy released in a nuclear ﬁssion reaction is
distributed among a variety of reaction products. The reaction products are
classiﬁed according to their energy as an approximate percentage of the ﬁssion
energy, distance range and emission time (see Table 4.4).
4.4.5.1 Nuclear fission prompt neutrons
The neutrons produced in nuclear ﬁssion reactions are used to propagate a ﬁs-
sion chain reaction. Most of these ﬁssion neutrons appear within 10−14 s after
the ﬁssion event, and about 1% appear later in time from the subsequent decay
of the radioactive ﬁssion products. These are called prompt and delayed neu-
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Figure 4.14: Average number of neutrons emitted per fission event as a function
of energy, redrawn from [Dud76].
trons respectively. The total number of prompt and delayed neutrons released
in a ﬁssion reaction varies, depending on the nucleus involved and the incident
neutron energy. From these ﬁssion neutrons, the average number of neutrons
released per ﬁssion event is considered, which is denoted by ν¯. Generally, it
tends to increase with the increase in incident neutron energy. The average
number of neutrons emitted per ﬁssion ν¯(E) as a function of energy is plotted
in Fig. 4.14 for 233U, 235U, and 239Pu. The neutrons produced in the ﬁssion
reaction emerge with an energy distribution, with the average being about 2
MeV. As with other parameters, this distribution will depend on the isotope
involved, and less on the incident neutron energy, and will diﬀer for prompt
and delayed neutrons. To characterize this variation in ﬁssion neutron energy,
it is convenient to deﬁne the ﬁssion neutron energy spectrum χ(E) in terms
of Maxwell-Boltzmann or Watt ﬁssion spectrum. The Maxwell-Boltzmann
spectrum is deﬁned as
χ(E → E ′) = 2π
(πkBT )3/2
√
E ′ exp(−E ′/kBT ), (4.22)
which is the number of neutrons emitted with an average energy E¯ = 3
2
kBT
in the order of 2 MeV, as shown in Fig. 4.15, and the Watt ﬁssion spectrum
[Wat52]
χ(E → E ′) =
√
4/πa3b exp(−ab/4) exp(−E ′/a) sinh(
√
bE ′), (4.23)
where E and E ′ are the energy of the neutron that induced the ﬁssion reaction,
and energy of the emitted neutrons respectively. The parameters a and b
are usually determined by ﬁtting the Watt formula to the measured ﬁssion
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Figure 4.15: Fission neutron energy distributions for induced fission by thermal
neutrons on uranium, redrawn from [Tat09].
spectrum data. An example of a normalized Watt ﬁssion spectrum for 235U is
given as
χ(E) = 0.453 exp(−1.036E ′) sinh(
√
2.29E ′). (4.24)
4.4.5.2 Delayed fission neutrons
The delayed ﬁssion neutrons are important in the control of nuclear reactors.
An example of a decay sequence that leads to delayed neutron emission is the
β-decay of 87Br to 87Kr, followed by the subsequent decay of 87Kr* to 86Kr via
neutron emission. The eﬀective time delay of this process is controlled by the
half-life of 87Kr*, which is 55 s. The ﬁssion fragments whose β-decay yields
a daughter nucleus that subsequently decays via delayed neutron emission is
referred to as a delayed neutron precursor. A large number of diﬀerent delayed
neutron precursor isotopes are produced in the ﬁssion chain reactions. These
precursors are grouped into six classes, characterized by approximately their
half-lives of 55, 22, 6, 2, 0.5 and 0.2 s [Dud76]. The energy spectrum for delayed
ﬁssion neutrons is considerably lower than that of the prompt ﬁssion neutrons,
and again depends on both the delayed neutron groups and the ﬁssioning
parent nuclei. The rough composite delayed neutron ﬁssion spectrum is shown
in Fig. 4.16, along with typical measured spectra for the 55 s and 22 s groups
of 235U.
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Figure 4.16: Delayed fission neutron groups, redrawn from [Dud76].
4.5 Neutron moderator materials
In nuclear reactors, the nuclear ﬁssion process and radioactive decays of the
ﬁssion fragments emit fast neutrons, but for the next thermal ﬁssion reaction
to occur, a neutron has to be in thermal energy En = 0.025 eV. Neutron mod-
erators are employed to thermalize fast neutrons and increase the probability
of interactions with a speciﬁc material. Moderating materials are selected ac-
cording to their ability to slow down the neutrons to thermal energies in as
few as possible collisions without absorption, which is known as the moder-
ating power. The materials which have a relatively larger moderating power
are preferred because less of that material is needed to achieve the same de-
gree of moderation. The characteristics of this eﬀective moderators are a high
probability of an interaction and a high average energy loss in one scatter.
The moderating power, MP , is deﬁned as ξΣs, where Σs is the macroscopic
scattering cross-section and ξ is the average logarithmic energy decrement in
a scatter ln(E0) − ln(E). When elastic collisions in an element with atomic
weight A dominate the scattering process, the decrement becomes
ξ = 1− (A− 1)
2
2A
ln
A + 1
A− 1 . (4.25)
The moderator with largeMP , and also, a large absorption cross-section might
nevertheless be useless because it would eﬀectively reduce the speed of the
neutrons, but will also reduce the neutron ﬂux. A more comprehensive measure
of the moderating ability of a material is the moderating ratio MR:
MR = ξ
Σs
Σa
. (4.26)
A good moderator will have a large moderating ratio, which means that it is
a poor absorber. Since ξ represents the average logarithmic energy loss per
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Table 4.5: Slowing-down parameters of typical moderating materials [Nucl11].
Number of collision,
Moderator A ξ ξΣs ξ ΣsΣa from
2× 106 to 0.0253 eV
H2O 18 0.107 1.42 62 19
D2O 20 0.096 0.18 4830 35
He 4 0.43 9× 10−6 51 42
C 12 0.16 0.08 216 114
CH2 14 0.14 3.26 122 132
collision, the total number of collisions required for a neutron to lose a given
amount of energy is determined by the expression:
N =
lnE − lnE0
ξ
. (4.27)
Table 4.5 provides the moderating power MP , moderating ratio MR and
number of collisions required to reduce the energy of a neutron of 2 MeV down
to thermal energy of 0.025 eV for some common moderator materials [Nucl11].
The solid materials given in Table 4.5 have a higher moderating ratio than
ordinary water and can have manufacturing advantages, for example graphite
and polyethylene are commonly selected as a moderator because of their high
moderating power, relatively high moderating ratio and easy manufacturing.
4.6 Moderation of neutrons
The slowing-down density q(~r, E)d3r is the number of neutrons slowing-down
past energy E in d3r about ~r. Since the diﬀerential scattering cross-section
describes the probability that a neutron will scatter from an initial energy E ′ to
a ﬁnal energy E ′′ in dE ′′, then the rate at which neutrons undergo interaction
at energy E ′ in dE ′ slow down past the energy E is given by [Dud76]
R(E ′ → E ′′) =
[∫ E
0
Σs(E
′ → E ′′)φ(~r, E ′)dE ′′
]
dE ′. (4.28)
Thus the slowing-down density resulting from all initial energies E ′ > E is
given by
q(~r, E) =
∫ ∞
E
dE ′
∫ E′′
0
Σs(E
′ → E ′′)φ(~r, E ′)dE ′′. (4.29)
Stellenbosch University   http://scholar.sun.ac.za
CHAPTER 4. INTRODUCTION TO NEUTRON PHYSICS 63
In a non-absorbing, graphite moderator, the slowing down density becomes
q(E) =
∫ E
0
dE ′′
[∫ ∞
E
Σs(E
′)φ(E ′)
E ′
dE ′
]
(4.30)
=
∫ E
0
dE ′′
[∫ ∞
E
(Fc(E
′) + S0δ(E
′ − E0))
E ′
dE ′
]
(4.31)
= E
[∫ ∞
E
Fc(E
′)
E ′
dE ′ +
S0
E0
]
= EFc(E) = S0. (4.32)
For this case, the slowing density is constant and equal to the source because
there is no neutron absorption and leakage in and out of the core. All source
neutrons must eventually slow down below energy E.
4.6.1 Neutron lethargy
The energy range covered by ﬁssion neutrons slowing down to slow neutron
energies is extremely large, for example ranging from 10 MeV to 10−2 eV.
On average, ﬁssion neutrons lose a fraction of their incident energy in the
scattering interaction with the moderator nuclei to reach thermal equilibrium.
The unit lethargy u is used to assess the average logarithmic energy loss of
these scattered neutrons and is deﬁned as
u = ln
E0
E
= ln(E0)− ln(E), (4.33)
where the energy E0 is chosen to be the maximum neutron energy in the
calculations. A neutron with energy E0 has zero lethargy. As the neutron loses
energy, i.e. its lethargy increases and it becomes more lethargic, u is always
positive, since no energy is greater than the maximum E0. When performing
nuclear reactor analysis, the neutron lethargy u becomes a convenient variable
and the neutron energy spectrum calculations are performed in terms of u
rather than E. Hence, the neutron energy spectra in this work are plotted in
terms of lethargy. We compute the derivative of equation (4.33) to be
du =
(
E
E0
)(−E0
E2
)
dE =
−dE
E
. (4.34)
The collision density can be expressed in terms of u by noting that the collisions
that occur in the lethargy interval du, namely F (u)du, are the same collisions
that occur in the energy interval dE, speciﬁcally F (E)dE. That is
F (u)du = −F (E)dE, (4.35)
where the negative sign is required because E decreases as u increases. The
collision rate density F (u) is constant in terms of the lethargy variable if
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equation (4.35) is applied to an example of a neutron slowing down in a non-
absorbing medium, then
F (u) = EF (E) = S0. (4.36)
This is because F (u) is usually a much more slowly varying function of u than
E, and hence it is easier to approximate in the lethargy variable. The elastic
scattering probability function P (E ′ → E) in lethargy is derived as
P (u′ → u)du = −P (E ′ → E)dE. (4.37)
Thus
P (u′ → u) = −dE
du
P (E ′ → E) = EP (E ′ → E) (4.38)
=
1
(1− α)
(
E
E ′
)
=
eu
′−u
(1− α) . (4.39)
Also
E < E ′ < E/α⇒ u− ln(1/α) < u′ < u. (4.40)
Hence
P (u′ − u) =
{
eu
′
−u
(1−α)
u− ln(1/α) < u′ < u,
0 otherwise.
(4.41)
Now, the slowing-down equation in a graphite medium, written in terms of the
lethargy variable becomes
Σs(u)φ(u) =
∫ u
0
eu
′−uΣs(u
′)φ(u′)du′ + S(u). (4.42)
From equation (4.29) and (4.41), it follows that the slowing-down density q(u)
in the lethargy variable is given by
q(u) =
∫ u
0
Σs(u
′)φ(u′)eu
′−udu′. (4.43)
The derivative of the above equation with respect to u will be given by
dq
du
= −
∫ u
0
Σs(u
′)φ(u′)eu
′−udu′ + Σs(u)φ(u). (4.44)
Hence, we can re-identify q(u) from equation (4.43), and substitute into equa-
tion (4.44) to obtain
dq
du
+ q(u) = Σs(u)φ(u). (4.45)
The average lethargy gain ξ of a neutron in a collision with a nucleus of
arbitrary mass number is computed as
ξ =
1
Ei(1− α)
∫ Ei
αEi
ln
(
E0
Ef
)
− ln
(
E0
Ei
)
dEf . (4.46)
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The integral can be evaluated by making the substitution x = E ′/E, thus
ξ =
1
1− α
∫ α
1
lnxdx (4.47)
= 1 +
α
1− α lnα (4.48)
ξ = 1− (A− 1)
2
2A
ln
(
A + 1
A− 1
)
(4.49)
Except for small values of A, the logarithm in equation (4.49) can be expanded
in series, which is closely approximated by the simple formula,
ξ =
2
A + 2/3
. (4.50)
The values of ξ are displayed in Table 4.5.
4.7 Moderation of neutrons in the presence of
absorbing isotope
In the previous section, the slowing down of a neutron was as a result of
scattering interactions with the moderator material such as graphite and the
actual absorption cross-section was ignored, since it is negligible. This section
describes the slowing down of a neutron in the presence of a strongly absorbing
isotope such as 238U mixed with graphite. For simplicity, it is assumed that
238U does not slow down neutrons, but only absorbs them, thus the inelastic
scattering is also ignored. The slowing down equation with a monoenergetic
source at energy E0 is deﬁned as
[Σa(E) + Σs(E)]φ(E) =
∫ E0
E
Σs(E
′)φ(E ′)
dE ′
E ′
+ S0δ(E − E0), (4.51)
where S0 is the neutron source, Σa(E) and Σs(E) are the macroscopic cross-
section for absorption in the heavy nuclei and scattering in graphite respec-
tively. The total collision density F (E) = Σt(E)φ(E) is deﬁned as the sum of
a interacted and un-interacted contribution. The interacted collision density
contribution Fc(E) is deﬁned as
Fc(E) =
∫ E0
E
Σs(E
′)Fc(E
′)
Σt(E ′)
dE ′
E ′
+
Σs(E0)
Σt(E0)
S0
E0
. (4.52)
The eﬀective source term S0 in this equation corresponds to the neutrons from
the source that has interacted with the moderator material, and is divided by
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E0 to account for neutron absorption at the energy E0. When diﬀerentiating
equation (4.52) with respect to E, we obtain
dFc
dE
= −
[
Σs(E)
EΣt(E)
]
Fc(E). (4.53)
This ordinary diﬀerential equation (4.53) can be integrated using the initial
condition, E = E0, implied by equation (4.52), to ﬁnd
Fc(E) =
Σs(E0)
Σt(E0)
S0
E0
exp
(
−
∫ E0
E
Σa(E
′)
Σt(E ′)
dE ′
E ′
)
. (4.54)
If Σa ≡ 0, then Fc(E) = S0/E. Hence, we can compute the slowing-down
density to obtain
q(E) = EFc(E) =
Σs(E0)
Σt(E0)
S0 exp
(
−
∫ E0
E
Σa(E
′)
Σt(E ′)
dE ′
E ′
)
. (4.55)
If S0 is the rate at which the source emits neutrons with energy E0, and q(E)
is the rate at which neutrons slow down past E, then q(E)
S0
is the probability
that a neutron is not absorbed while slowing down from E0 to E. Since the
most absorption in the slowing-down energy range is due to the resonance
absorption cross-section, the resonance escape probability p as a function of
energy E in graphite is just
p(E) =
q(E)
S0
= exp
(
−
∫ E0
E
Σa(E
′)
Σt(E ′)
dE ′
E ′
)
. (4.56)
In the next section, the absorption of the slowing-down neutron near-resonance
energy range is discussed.
4.8 Neutron absorption resonance
As the neutrons slow down in the moderator from ﬁssion energies in a nuclear
reactor, they encounter a large absorption probability in the numerous sharp
capture resonances shown in Fig. 4.10 that characterizes heavy nuclei. This
neutron absorption resonance is of importance in a nuclear reactor because
it aﬀects the reactor multiplication, and reactor control characteristics. As
seen in the neutron capture cross-section plot of 238U, there is absorption in
the well-resolved low-energy resonance and also in the unresolved high-energy
resonance. Of most signiﬁcance, in the thermal reactor, is the absorption in
the well-resolved low-energy resonance. Above several keV in fertile material,
and as low as 50 eV in ﬁssile isotopes, the capture resonance peaks are so
closely spaced that they can no longer be resolved individually.
There is a decrease in the neutron ﬂux at the energies in the neighborhood
of strong resonance as is shown, in Fig 3.7, section 3.6. The amount of such
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absorption depends sensitively on the fuel temperature through the Doppler
broadening mechanism of importance. We will consider neutrons slowing down
in an inﬁnite homogeneous mixture of heavy nuclei characterized by absorption
with scattering resonances and a moderator material having a constant scat-
tering cross-section with negligible absorption cross-section. Speciﬁcally, we
will study the case of neutrons slowing down in the vicinity of a well-isolated
resonance.
4.8.1 Resonance absorption in heavy nuclei
Neutrons are slowed down by the moderator due to a scattering interaction
with the light nuclei, e.g. carbon, and absorbed by the heavier nuclei, e.g.
238U. The scattering interactions by the heavier nuclei and absorption by the
moderator are ignored [Dud76], because they are relatively small and negligi-
ble. The neutron slowing-down equation (4.51) is solved for this case to ﬁnd
the ﬂux φ(E),
φ(E) =
q(E0)
EΣt(E)
p(E), (4.57)
where q(E) is the slowing-down density at energy E, given by
q(E) =
Σs(E0)
Σt(E0)
S0, (4.58)
and p(E) is the resonance escape probability for a single resonance to energy
E0 given by
p(E) = exp
(
−
∫ E0
E
dE ′
ΣA(E
′)
E ′Σt(E ′)
)
. (4.59)
The factor q(E)
EΣt(E)
is called the loss-free spectrum. Since the scattering due to
the moderator is much greater than that due to heavier nucleiNmσms >> NAσ
A
s
and the absorption due to the heavier nuclei is much greater than that due to
the moderator σmγ << σ
A
γ , the resonance escape probability for this particular
resonance is written as
p = exp
(
−
∫ E0
E
dE ′
E ′
NAσ
A
γ (E
′)
Nmσms + NAσ
A
γ (E
′)
)
. (4.60)
The integral is to be performed over energies in the neighborhood of the reso-
nance. Recalling the Bethe-Placzek cross-section [Bet36],
σAγ = σ0
Γγ
Γ
ψ(ζ, x), ζ = Γ
(
A
4E0kT
)1/2
, x = 2
(
E − E0
Γ
)
. (4.61)
There are two cases of resonance absorption to consider, namely inﬁnite
dilution and the ﬁnite dilution approximation:
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Figure 4.17: The slope 1/E is as a results of fast neutrons slowing down past
through resonance, where a small portion of the neutron flux is absorbed during the
collision as shown by Fa(E) plot and a decrease of neutron flux φ(E) near the strong
absorption resonance, redrawn from [Dud76].
• The inﬁnite dilution approximation is when the absorber concentration
is so diluted that the neutron capture resonances do not perturb the
slowing down neutron ﬂux. Using this approximation in equation (4.60),
the resonance escape probability becomes
p→
[
− NA
Nmσms
∫
E0
dE ′
E ′
σAγ (E
′)
]
≡ p∞. (4.62)
The major contribution to the integral comes from those energies close
to resonance, E ′ ≈ E0. This implies that 1/E ′ ≈ 1/E0, hence∫
E0
dE ′
E ′
σAr (E
′) ∼= 1/E0
∫
E0
dE ′σAr (E
′) ∼= σ0Γr
2E0
∫ ∞
−∞
ψ(ζ, x)dx. (4.63)
The probability of the neutrons escaping the resonance increases with in-
creasing moderator density. This is because neutrons slow down through
the resonance more rapidly. This is understood by recalling the asymp-
totic collision density behavior F (E) = 1/E. Hence, lower-energy neu-
trons will go through more collisions with absorber nuclei and have a
high probability of being absorbed. However, neutrons are absorbed
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more eﬀectively when the energy E0 of the capture resonances is lower.
For this reason, the most important resonance absorption in the thermal
reactor occurs in the lower lying resonances E0 = 6.67 eV in 238U. The
resonance cross-section σAr (E, T ) is temperature dependent through the
Doppler broadening mechanism. In the ﬁnite dilution case, the absorber
concentration is too low to decrease the neutron ﬂux. Hence, there is no
self-shielding.
• The ﬁnite dilution approximation is when the absorber concentration
is so strong that the neutron capture at the resonances decreases the
slowing down neutron ﬂux. This occurs in the nuclear reactor where a
larger part of the fuel is 238U. If we substitute equation (4.61) for σAr (E)
into equation (4.60) and extend the limits of integration, then the general
results for the resonance escape probability will be
p = exp
(
− Γ
E0
J(ζ, β)
)
, (4.64)
where
J(ζ, β) ≡
∫ ∞
0
ψ(ζ, x)
β + ψ(ζ, x)
dx, (4.65)
and
β ≡ Nmσms Γ/NAσ0. (4.66)
The ﬁnite dilution resonance integral is temperature dependent. An in-
crease in temperature causes the resonance peak of 238U to broaden,
which increases the energy range over which the neutron absorption oc-
curs. Although the resonance peak lower down slightly, the absorption at
the peak still dominates and this enhances the absorption with increasing
temperature. As shown in Fig. 4.17, the slowing down neutron ﬂux φ(E)
is decreased for those energies in the neighborhood of the resonance.
4.9 Theory on Doppler broadening of the
resonance peak
The rise in the fuel temperature, discussed in section 2.2 and 2.3, has eﬀects on
the thermal motion of the nuclei. The thermal motion of the nuclei increases
as the temperature of the reactor components increase, and this motion have
to be considered in the nuclear reactor analysis because it has an eﬀect on
the reactivity of the reactor. This is due to the fact that the cross-section for
neutron interactions for most material in the reactor depends on the center-of
mass energy between the neutron and the nuclei. Here are the two cases where
the motion of the nuclei has to be taken into account:
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1. When the thermal energy of the nuclei is comparable to the neutron
energy with E < 1 eV, that is V ∼= Vth = (kBT/m)1/2 or E = kBT .
2. When the neutron speed is much larger than that of the nuclei.
Case 2 arises when considering the process by which the neutron capture cross-
section exhibits sharp resonances. Since the width of the resonances may be
narrow, much less than 1 eV in most cases, even the smallest thermal motion
of the nucleus can extensively aﬀect the energy dependence of the neutron
cross-section in the vicinity of the resonance.
An average interaction rate between a neutron and a nucleus moving at a
velocity ~v and ~V , respectively, is deﬁned by the expression
~R = |~v − ~V |σ(|~v − ~V |)N, (4.67)
where N is the atomic number density of these nuclei, |~v − ~V | is the relative
speed between the neutron and a nucleus, and σ is the microscopic interaction
cross-section. Since the velocity ~V of the moving nuclei is not exactly a well
deﬁned value, the distribution of nuclear velocities is given by the expression
η(~V )d3~V , which is the number of target atoms per cm3 with velocities ~V in
d~V about ~V . Then, the probability of a neutron interacting per second with
a nucleus of any velocity is obtained by averaging equation (4.67) over η(~V ),
vNσ¯(v) ≡
∫
|~v − ~V |σ(|~v − ~V |)η(~V )d3~V . (4.68)
The above expression (4.68) can basically be used to deﬁne an average cross-
section σ¯(v) depending on the neutron speed v. The average cross-section
characterizing neutrons moving with speed v through a sample of nuclei with
velocity distribution η(~V ) is
σ¯(v) =
1
vN
∫
|~v − ~V |σ(|~v − ~V |)η(~V )d3~V . (4.69)
Since the distribution function depends on the temperature characterizing the
material, the thermal averaged cross-section will similarly depend on temper-
ature. For most nuclei the cross-section for slow neutron absorption behaves
essentially as 1/v below the resonance energy region. If nuclear motion is to
be included, such behavior would be expressed as
σ(|~v − ~V |) = γ
|~v − ~V |
. (4.70)
If equation (4.70) is substituted into equation (4.69), then the nuclear velocity
distribution function is normalized such that∫
η(~V , T )d3~V = N. (4.71)
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The average cross-section as a function of neutron speed v and temperature T
will then be
σ¯(v, T ) =
γ
v
. (4.72)
When the cross-section σ(|~v − ~V |), given in equation (4.70), is a slowly vary-
ing function of relative speed and the nuclear velocity distribution is sharply
peaked around ~V = ~Vth, equation (4.69) can be approximated by neglecting
~V in the integrand for neutron speeds, which higher than the nuclei speed
v >> Vth. In this case, the average cross-section becomes temperature inde-
pendent and is deﬁnes as
σ¯(v, T ) ∼= σ(v). (4.73)
This behavior appears frequently on the scattering cross-section for many reac-
tor materials. For the small neutron speed v << Vth, we examine the behavior
of the averaged cross-section. Then |~v− ~V | can be replaced by the speed V in
the integrand in equation (4.69)
σ¯(v, T ) → 1
vN
∫
V σ(V )η(~V , T )d3V as v → 0. (4.74)
The integral is now a constant, independent of the neutron speed v, and the
behavior of σ¯(v, T ) as v becomes very small is
σ¯(v, T ) ≈ C/v as v → 0. (4.75)
The eﬀective cross-section for a neutron with velocity ~v is deﬁned as the cross-
section that gives the same reaction rate for stationary nuclei as the actual
cross-section for moving nuclei,
σ¯(v, T ) =
1
v
∫
|v − V |σ(|v − V |)P (~V , T )d3V , (4.76)
where P (~V , T ) is the nuclear velocity distribution at a temperature T . For
many cases of interest this velocity distribution can be taken as a Maxwell-
Boltzmann distribution characterizing an ideal gas in thermal equilibrium with
the medium at a temperature T, as
P (~V , T ) =
(
m
2πkBT
)3/2
exp
(−mV 2/2kBT), (4.77)
where m is the atomic mass number and kB is the Boltzmann’s constant. As
said earlier that the interaction cross-section depends on the relative speed
between the neutron and the target nucleus. The diﬀerence in the relative
speed causes a shift in the resonance peak. To take this eﬀect into account,
a single-level Breit-Wigner formula is substituted into an expression for the
Stellenbosch University   http://scholar.sun.ac.za
CHAPTER 4. INTRODUCTION TO NEUTRON PHYSICS 72
thermally averaged cross-section in equation (4.69) or (4.76) with few approx-
imations, the Bethe-Placzek cross-section is obtained for the neighborhood of
the resonance with
ζ ≡ Γ/ΓD, (4.78)
where
Γ = γ(E0) is the total width at the resonance energy, (4.79)
ΓD ≡
(
4mE0kBT
M
)1/2
(4.80)
is called the Doppler width of the resonance, m and M is the neutron en-
ergy and capture nuclei mass respectively. The Bethe-Placzek cross-section is
deﬁned as [Bet36]
σ = σ0Nψ(ζ, x) (4.81)
where
x = 2
E0 − E
Γ
, (4.82)
ψ(ζ, x) =
ζ√
π
∫ ∞
−∞
exp (−ζ2(x− y)2)
1 + y2
dy. (4.83)
This Bethe-Placzek cross-section is of importance in the analysis of Doppler
broadening of the resonance peak. The area under the Bethe-Placzek cross-
section is almost independent of the temperature. As the temperature T in-
creases, the resonance cross-section becomes broader and the peak becomes
lower. The minima between resonances become ﬂatter. At extremely high
temperatures, the entire resonance structure disappears and the cross-section
approaches a simple 1/v shape, it is inversely proportional to the speed on the
neutron. The cross-section reduces rapidly as the neutron energy increases.
Doppler-broadening of neutron cross-section resonances has a very important
eﬀect on resonance self-shielding in neutron transport calculations discussed
in previous Chapter 3. From equation (4.81), the dependence of thermally
averaged capture cross-sections on energy for several diﬀerent temperatures T
is given in Fig. 4.18.
4.9.1 Doppler broadening in the nuclear reactor fuel
In a nuclear reactor, the broadening of capture resonance peaks shown in Fig.
4.18 is directly associated with the temperature of the fuel. As said earlier, the
probability of a neutron being captured by 238U depends on the relative speed
between the neutron and the target nucleus, but mostly on the exact value of
the neutron kinetic energy. Since the increase in the temperature of nuclear
fuel causes the thermal motion of 238U nucleus in the fuel to increases, the
relative speed between the neutron and 238U nucleus causes the shape of the
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Figure 4.18: The nuclear capture resonance of 238U at a strong resonance of
6.67 eV, labeled A, B, C, D for different temperatures T = 0, 300, 600, 1800 K,
respectively, redrawn from [Reu08].
resonance peak to change. This change in the resonance peak is explained with
the schematic diagram shown in Fig. 4.19. Consider a nucleus at rest, as shown
Fig. 4.19(a), a neutron that has kinetic energy En corresponding to the peak of
the resonance Eres will have a high probability of being absorbed, whereas the
one that has a lower or higher kinetic energy will have less probability of being
absorbed. If the temperature in the fuel increases, the 238U nucleus starts to
vibrate back and forth. A neutron whose energy falls outside the energy of the
resonance may encounter a 238U nucleus that is moving at that instant in such
a way that the kinetic energy of the neutron relative to the nucleus coincides
with the peak. The schematic diagram in Fig. 4.19(b) shows a neutron whose
kinetic energy is above the resonance energy of the resonance, but encounters
a nucleus moving in the same direction at a speed that makes the neutron’s
speed of approach the same as it was in (a). In the view of the nucleus, this
neutron appears to be within the resonance peak. A similar case happens to
a neutron whose kinetic energy is less than the energy at the resonance, but
encounters a hot 238U nucleus moving towards it at exactly the right speed,
see Fig 4.19(c).
The overall eﬀect of fuel temperature rise is that the resonance peak appears
broadened as shown in Fig. 4.18. Although the height of the peak reduces
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Figure 4.19: A schematic representation of the Doppler broadening mechanism,
where En and Eres represents the kinetic energy of the neutron and energy at the
resonance peak respectively. Here (a) is the nucleus at rest, (b) the nucleus moving
away from the neutron, (c) the nucleus moving toward the neutron.
as the temperature of the fuel increases, the neutron capture cross-section is
still as large that any incoming neutron with an energy in the range of the
resonance will be captured. The mean free path of the neutrons in the fuel
becomes very short, 0.025 mm. This is how the 238 nuclei deplete intermediate
energy neutron ﬂux before they are thermalized to cause another nuclear ﬁssion
and as a result change in the reactivity.
Uranium-238, which forms the large part of the fuel in the reactor, reduces
the number of thermal neutrons available to propagate the ﬁssion chain reac-
tion and consequently the reactivity is reduced. Doppler broadening therefore
creates a negative feedback loop, as was discussed in section 2.3. The PBMR
reactor is designed so that the Doppler broadening eﬀect is stronger, and at
a speciﬁc temperature the reactor controls itself without the need to insert
the control rods. This is the main passive safety feature of the PBMR, and it
makes the design unique, compared with all other conventional water cooled
reactors that require active safety control.
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Chapter 5
Neutron detectors
5.1 Neutron detection methods
In general, the detection of neutrons is more challenging than other radiation
because of their neutrality, and their extremely short range interaction with
the nuclei. There are two basic types of neutron-interactions used in the de-
tection of neutrons namely, neutron scattering and neutron-induced nuclear
reactions. The kinetic energy of the incoming neutrons to be detected deter-
mines the type of interaction to be used in the detection. The slow neutrons
are detected through neutron-induced nuclear reaction while fast neutrons are
detected through scattering interaction. In the scattering interaction, a frac-
tion of the kinetic energy of the neutrons is transferred to a nucleus and when
enough energy is transferred, the resulting recoiling nucleus, usually hydro-
gen, ionizes the detection medium surrounding the point of interaction. In
neutron-induced nuclear reactions, a neutron is absorbed by the target nucleus
and reaction products are emitted. The reaction products, such as protons, α-
particles, γ-rays and ﬁssion fragments, can transfer their energy to the atoms
of the detection medium. The neutron detectors that make use of the neutron
induced nuclear reactions to detect fast neutrons are usually surrounded by
moderating material to reduce the kinetic energy of the incident neutron ﬁrst
and hence increase the probability for the reactions. The neutron detectors
employing neutron induced nuclear reaction or scattering interaction can use
solid, liquid or gas-ﬁlled detection media. This chapter describes gas-ﬁlled
proportional counters (in section 5.2) and scintillator detectors (in section 5.3)
that can be used as either slow or fast neutron detectors, employing diﬀerent
types of interaction mechanisms, and detection media.
Most of the detection systems that employ the nuclear reaction mechanism
cannot provide speciﬁc energy information of the neutron that induced the
reaction, whereas, the hydrogen recoil-type detectors mostly measure only the
ﬁrst interaction event. Since only a fraction of neutron energy is deposited in
the detector, the energy information obtained is whether a slow or fast neutron
75
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induced the interaction. When moderators are employed, the information of
the initial neutron energy before moderation is lost, so what the detector record
is the reaction energy. Thus, in general, neutron detectors provide information
on the energy range and the number of neutrons that induced the reactions.
Information regarding the energy range of the neutrons detected can usually
be inferred from the reaction rate, knowing the cross-section proﬁle of the
neutron conversion material in the detector and the neutron ﬂux proﬁle.
5.1.1 Neutron-induced nuclear reactions for slow
neutron detectors
There are several factors to be considered when searching for the reaction that
might be used for neutron detection, such as the neutron interaction cross-
section, isotopic abundance, discrimination over γ-ray events and the Q-value
of the reaction. The cross-section must be as large as possible so that an
eﬃcient detector with small dimensions can be built. This is of importance
for detectors in which the neutron converter material is a gas. The target
nuclide should either be of high isotopic abundance in the natural element
or alternatively, a source of artiﬁcial enriched material should be available for
detector fabrication. In many practical applications, neutrons are accompanied
by an intense ﬁeld of γ-rays, so the neutron reaction chosen should have the
ability to discriminate against these γ-rays in the detection process. The Q-
value that inﬂuences the amount of energy released from the reaction after
the neutron capture is also of importance when choosing the reaction. The
higher the Q-value, the greater the energy given to the reaction products, and
the easier the task of discriminating against the γ-ray events using amplitude
discrimination. The most common neutron conversion reaction used to detect
neutrons results in a charged particle, as shown below:
neutron +target nucleus→


recoil nucleus
proton
α− particle
ﬁssion fragments
The neutron-induced nuclear reactions are exothermic such that the kinetic
energy of the reaction products determined by the Q-value of the reaction
does not reﬂect the energy of the incident neutron. The distance traveled by
the emitted reaction products is of great importance in the detector design.
The detector must be designed with an active volume that is large enough
to fully stop the particles. If the detection medium is a solid, the range of
any of the reaction products shown above does not exceed a few tenths of a
millimeter. However, if the detection medium is a gas, the range of the reaction
products (typically several centimeters) can be signiﬁcant when compared with
the dimensions of the detector. In this case, some reaction products may not
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deposit all their energy inside the detector volume. If the detector volume is
large enough such that these losses can be neglected, the response function will
be very simple, consisting only of a single full-energy peak and the ability to
discriminate against low-amplitude events such as γ-ray-induced events would
be maximized. If, in contrast, a signiﬁcant number of reaction products do
not deposit their full energy, a low-energy tail is added to the pulse height
distribution and, as a result, the eﬃciency of the detector is compromised.
5.1.1.1 The 10B(n,α) reaction
Boron-10 is an isotope that is widely used for the detection of lower-energy
neutrons, because of the high cross-section for the (n,α) reactions. As shown
in Fig. 4.11, the cross-section for this reaction is 3840 b at thermal-neutron
energy (En = 0.025 eV), but it drops rapidly with increasing neutron energy
(i.e. the cross-section is proportional to 1/v, where v is the neutron speed).
The following two neutron reactions take place:
n + 10B→
{
7Li + α Q-value = 2.792 MeV (ground state)
7Li∗ + α Q-value = 2.310 MeV (excited state)
From this reaction, 7Li may be left either in the ground state or ﬁrst excited
state, denoted by *. When the thermal neutrons (En = 0.025 eV) are used
to induce the reaction, about 94% of all reactions lead to the excited state
and only 6% directly to the ground state. In all the cases, the Q-value of the
reaction is very large (2.310 and 2.792 MeV) compared with the energy of the
incident neutron. The kinetic energy of the incident neutron is converted into
a much larger reaction energy, and it is not possible to extract any information
about its original value. Since the linear momentum of an incoming thermal
neutron is very small, the reaction products also shows a net momentum of
essentially zero. Hence, the reaction products are emitted in exactly opposite
directions, with energy equal to the Q-value being shared between them. An
α-particle will take 1.47 MeV and a 7Li nucleus will take 0.84 MeV of energy.
The advantages of using this reaction in neutron detection is that the cross-
section for the (n,α) reaction is large and because boron, highly enriched in
10B concentration, is readily available. In nature, boron material has about
19.9% of 10B and the rest is 11B.
5.1.1.2 The 6Li(n,α)3H reaction
The next widely used reaction for slow-neutron detection is the 6Li(n,α)3H
reaction. As shown in Fig 4.11, the cross-section for this reaction, which is
about 940 b at thermal-neutron energy (En = 0.025 eV), drops rapidly with
increasing neutron energy. The cross-section is also proportional to 1/v.
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The 6Li(n,α)3H reaction releases a large amount of energy, Q−value = 4.78
MeV, via the interaction
n + 6Li→ α + 3H Q-value = 4.78 MeV.
The reaction energy shared by the reaction products is as follows:
EH = 2.73 MeV Eα = 2.05 MeV.
The isotope 6Li, which constitutes 7.40% of natural lithium, has a large capture
cross-section that remains below that for the 10B reaction until the resonance
region at an energy of 250 keV. The high Q-value from this reaction makes up
for the lower cross-section.
5.1.1.3 The 3He(n,p)3H reaction
The gas 3He is also used in the detection of neutrons through the reaction
3He + n→ 3H + p Q-value = 0.765 MeV.
The thermal neutron cross-section for this reaction is 5330 b, higher than that
for the boron and lithium reactions. This cross-section is also proportional to
1/v (see Fig. 4.11). For reactions induced by thermal neutrons, the Q-value
of 0.765 MeV leads to oppositely directed reaction products with energies
Ep = 0.574 MeV and E3H = 0.191 MeV.
Although 3He is still commercially available, its relatively high cost is often
prohibitive for some applications. Further more it is not going to be available
commercially in the future due to nuclear proliferation safeguard issue.
5.1.1.4 Neutron-induced fission reactions
The ﬁssion cross-sections of 233U, 235U and 239Pu are relatively large at lower
neutron energies (see Fig. 4.13), and hence these materials are used as the
basis of slow-neutron detection. The ﬁssion reaction has an extremely large
Q-value which is approximately 200 MeV compared with previously discussed
reactions. Consequently, detectors based on ﬁssion reactions can often give
output pulses larger than those induced from competing reactions or incident
γ-rays, and very clear discrimination can be accomplished. Any neutron detec-
tor that incorporates ﬁssile nuclides will show a spontaneous output signal due
to α-decay. This is because almost all ﬁssile nuclides are naturally α-particle
emitters. These events can usually be discriminated against easily on a pulse
amplitude basis given that the energy (typically Eα < 10 MeV) of the α decays
is always smaller than the energy given oﬀ in a ﬁssion reaction.
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Figure 5.1: Gas-filled neutron detector setup, redrawn from [Cra].
5.2 Gas-filled detectors for neutron detection
The neutron interactions discussed in section 4.2 are essential for the detection
of slow or fast neutrons in the gas ﬁlled detector. The slow or fast neutrons
can be detected via neutron-induced nuclear reactions or neutron scattering
interactions respectively. Irrespective of the neutron conversion material, ei-
ther 3He or 10B, the setup of the gas detector is the same. Since the magnitude
of the induced signal from diﬀerent reactions might be diﬀerent, the high volt-
age or ampliﬁer gain settings can be adjusted to compensate for this change.
A schematic diagram of a typical gas ﬁlled detector for neutron detection is
shown in Fig 5.1.
Gas-ﬁlled detectors are built from a stainless steel or aluminum cylinder,
with walls of about 0.5 mm thick. The cylinders have an electrical connector
at one end or, occasionally, at both ends for position-sensitive measurements.
The diﬀerence in these materials is the neutron transmission or structural
strength. The aluminum walls will have less of an inﬂuence to neutron ﬂux,
with a neutron absorption of about 0.5%, compared with steel walls with
an absorption of about 3%. However, the advantage of using steel tubes is
that they require less careful handling during assembly, and impurities in the
material can be kept lower. The interior walls of the gas ﬁlled detectors are
coated with activated charcoal to absorb the electronegative gases that build
up during neutron irradiation [Eva76].
As described earlier, the detection of neutrons requires the transfer of some
or all of their kinetic energy to the charged particle reaction products. These
charged particles will collide with the gas atoms knocking oﬀ few electrons
and create ions until their energy is exhausted, about 30 eV is required to
create an ion pair. From this required energy, the maximum number of ions
that can be produced is E/30 eV, where E represents the kinetic energy of
the charged particle in eV. Once the positive voltage is applied to the anode
wire of a gas ﬁlled detector, as shown in Fig. 5.1, the electrons and positively
charged ions move towards the anode and cathode respectively. The amount of
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Figure 5.2: The ionization, proportional and Geiger-Mu¨ller region of operation of
gas filled detectors, redrawn from [Kno00].
applied voltage, ﬁll gas and the geometry of the tube determines the electrical
output signal from the gas ﬁlled detector. From these parameters, the gas
ﬁlled detector can operate either in the ionization, proportional, or Geiger-
Mu¨ller region, as illustrated in Fig. 5.2. The applied voltage allows the device
to work continuously by sweeping up electrons and preventing the build-up of
events. A full peak is reached when enough voltage is applied and even a small
further increase in voltage yields no more electrons. Detectors operating in the
ionization region are called ionization chambers and their output signals are
proportional to the energy deposited in the gas by the charged particles, and
it does not dependent on the applied voltage.
In the region beyond the ionization regime is the proportional counter
region. In this region, the strength of the electric ﬁeld is large enough such that
the primary electrons can gain enough energy to ionize the other gas molecules
and create secondary ionizations. However, if the strength of the electric ﬁeld is
increased further, the secondary electrons can also ionize other gas molecules
and create more ions. As long as the electric ﬁeld strength increases, the
production of the ion pairs from the primary event will also increase. This
cumulative ampliﬁcation process is known as avalanche ionization. When a
total of “N” ion pairs result from a single primary event, it implies that the
process has a gas ampliﬁcation factor of N. This quantity will be unity if no
secondary ions are formed in the ionization chamber, and as high as 103 to 106
in a well designed proportional counter. In the proportional region, the current
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of the electrons collected is linearly proportional to the energy deposited in
the gas by the charged particles. For the ampliﬁcation process to occur, an
electron must gain enough energy in one or more mean-free paths. The mean-
free path of an electron is the average distance traveled between collisions,
and it depends on the ﬁlling gas pressure of the proportional counter. In a
proportional counter, the electron’s drift velocity is larger than that of the
positive ions. The time it takes for the electrons with larger drift velocity to
be collected in the anode is very short, about 10−8 s. The anode wire is near
to where the avalanche is formed, hence the very short time for collection.
The positive ions are slower and collected over a much longer time interval on
the cathode. The pulses observed have two rise times, the fast electron and
slow motion of the ions produce an initial fast and slower rise-time respectively.
The amplitude of the pulse is dependent on the drifting velocity of the positive
ions from the anode to cathode gap, and the highest amplitude is reached only
when the positive ions are fully collected. This collection process may take 200
µs for a typical proportional counter. However, there is time dispersion in the
drift time which depends on tube voltage and diameter as has been reported
by [Atw74].
Saturation eﬀects at the anode wire might appear when the applied volt-
age is increased further, and the proportionality between the energy of the
primary charge deposited and the output signal can be gradually lost. When
the primary electrons reach the region of high electric ﬁeld near the anode
wire, the avalanche process starts and quickly increases to a maximum value
because the secondary electrons create additional avalanches axially along the
wire. In this region the avalanche extends to the full length of the anode
wire and the secondary electron multiplication process stops only when the
electrostatic ﬁeld is suﬃciently distorted to prevent the further acceleration of
secondary electrons. For low energy ionizing primary events, it is possible to
reach an ampliﬁcation factor of about 1010. Gas ﬁlled detectors operated in
this region are known as the Geiger-Mu¨ller counters. The Geiger counter can-
not be used in high-count-rate applications since they saturate at relatively
low event rates. However, they can still be used as low-level survey meters
for ﬁeld inspection. Gas-ﬁlled detectors typically employ BF3, 3He, 4He, or
CH4 as primary constituent, at pressures between 101.3 kPa and 2.03 MPa,
depending on the application. Other, heavier atomic mass gases are often
added to enhance the performance of the detector. For example, the range of
the reaction products can be reduced by adding argon gas. This increases the
energy deposition within the gas and, as a result, the output pulse-height res-
olution can be improved. The other advantage of adding a heavier gas is that
the charge collection time can be signiﬁcantly reduced. However, the negative
eﬀect is that the γ-ray sensitivity is increased as the cross-section evolves with
the atomic number Z4 [Rei79].
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5.2.1 Detection mode of operation
Gas-ﬁlled detectors, ionization and proportional counters, can be operated in
either pulse or current mode. These modes of operation also applies to the
scintillator detectors, which is discussed in the review later in this chapter.
In pulse mode, each neutron interaction must be separated by suﬃcient time
so that it may be resolved as an individual pulse. This mode is therefore
limited to lower rates of neutron ﬂux measurements, but oﬀers the beneﬁts of
γ-ray discrimination through simple amplitude selection of the output pulse.
The pulse mode operation of most detectors is conventionally limited to rates
below about 105 s−1, although the improvements in chamber design can raise
the limit to as high as 107 s−1 [Ell93, Ell73]. At very high neutron ﬂux levels,
pulse mode operation is no longer possible because the time between adjacent
events becomes too short to carry out an adequate analysis, or the current
pulse from successive events may overlap in time. In this event, gas-ﬁlled
detectors are often operated in current mode. With proper ion chambers, the
range of operation can be extended to the maximum ﬂux level of interest in
the reactor before serious non-linear eﬀects due to ion electron recombination
set in. The lower limits of current mode operation are usually determined
by leakage current that arises in the detector insulation and cable dielectric
material. The inherent γ-ray discrimination between pulses, whether large or
small, is compromised by operating the chamber in current mode. The review
of the gas-ﬁlled detectors that employ those nuclear reactions discussed in
section 5.1.1, is performed in the next sections.
5.2.2 Boron trifluoride proportional counters
The boron triﬂuoride (BF3) gas detector is commonly used for slow neutron
detection where BF3 serves both as the neutron converter material as well as
a proportional gas. This detector is preferred widely because of its superior
properties as a proportional gas, as well as its high concentration of highly
enriched 10B. This makes the eﬃciency of the detector at least ﬁve times greater
than if the gas contains naturally occurring boron. The operating gas pressure
of a BF3 proportional counter is limited to a pressure of about 0.5 to 1.0 atm,
because the eﬃciency decreases when operated at higher pressures.
Because the momentum of the incoming neutron is small, the two reaction
products, 7Li and an α-particle, are oppositely directed when emitted and slow
down in the gas, causing ionization. Therefore, a somewhat idealized pulse-
height response of a detector would appear, as shown in Fig. 5.3. For a large
BF3 tube, nearly all the reactions occur suﬃciently far from the walls of the
detector and the reaction products deposit their full energy in the proportional
gas. In that event, all the energy of the reaction is deposited in the detector,
and the only variation is a result of the branching of the reaction between the
excited and the ground state of the 7Li product nucleus. The stronger peak
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Figure 5.3: Low amplitude events expected pulse height spectra from a large
diameter BF3 tubes where all reaction products deposit their energy in the gas,
redrawn from [Kno00].
dE
dN
2.311.470.84
"Wall effect"
continuum
Deposited energy  E [MeV]
2.79A
Figure 5.4: In small diameter BF3 tubes, as presented in this diagram, the wall-
effect continuum appears when one of the reaction products hits the wall, redrawn
from [Kno00].
corresponds to the Q-value of 2.310 MeV for the excited state of 7Li, which is
about 94% of the events, and the weaker peak corresponds to the Q-value of
2.792 MeV for the ground state of 7Li, which is about 6%. Once the size of
the tube is no longer large compared to the range of the 7Li and α-particles
produced in the reaction, some events no longer deposit the full reaction energy
in the gas. If either 7Li or α-particles hit the chamber wall, a smaller pulse is
produced and a collection of these smaller pulses is known as the wall effect.
The wall eﬀect will be signiﬁcant in tubes with a small diameter, because the
range of α-particles produced in the reaction is already of the order of 1 cm for
a typical BF3 gas pressure. In Fig. 5.4, the diﬀerential pulse height spectrum
from the tube in which the wall eﬀect appears is shown, and is explained as
follows: if the α-particle strikes a wall, then, as a result, 7Li is directed away
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from the wall and may deposit its full energy within the gas. In contrast, if
the 7Li nucleus hits a wall, the entire energy of the α particle is fully absorbed
in the gas. Hence, there should be wall losses for only one reaction product at
a time.
A BF3 tube is an example of a detector where the diﬀerential pulse height
spectrum does not provide information about the energy of the incident neu-
tron, but is rather a function of the size and geometry of the detector itself.
In many applications, a pulse height spectrum is not required, but the stable
operation point is considered. This is achieved by setting a discriminator level
at the point labeled A in Fig. 5.4.
5.2.2.1 Boron trifluoride neutron detection efficiency
The detection eﬃciency, ǫ, of BF3 detectors can be expressed as [Hui04]
ǫ(E) = 1− exp (−Σa(E)× L), (5.1)
where Σa is the macroscopic neutron absorption cross-section of 10B at an
energy E, and the active length of the tube is represented by L. As the cross-
section drops oﬀ rapidly with energy, this equation shows that the detector
eﬃciency decreases rapidly with increasing neutron energy, making the de-
tector mainly a slow neutron detector. Most practical BF3 counters have a
length of 0.3 m, ﬁlled with pure BF3 gas to a pressure of 80 kPa. The ﬁll gas
is enriched to about 96% in 10B. The eﬃciency of the detector varies with the
energy of the incident neutron travelling parallel to its axis, e.g. |ǫ| = 92%
at a neutron energy of 0.025 eV, 12% at 10 eV and 4% at 100 eV. Equa-
tion (5.1) slightly overestimates the neutron-counting eﬃciency, because there
are regions near the end of the tube in which the charge collection is ineﬃ-
cient, resulting in a reduced neutron response. Boron triﬂuoride proportional
counter gas is sometimes manufactered using a mixture of BF3 with Argon gas
to improve the pulse height spectrum where peaks are cleary visible but the
detection eﬃciency decreases.
5.2.2.2 The design of a boron trifluoride tube
The neutron detection eﬃciency can be increased and the wall eﬀect can be
suppressed by increasing the size of the tube. In addition, if the pressure of
the BF3 ﬁll gas is increased, the eﬃciency can also be improved. A successful
construction and operation of BF3 tubes with a diameter of up to 15 cm and
a length of 180 cm has been reported by Fowler [Fow63] with the ﬁlling gas
pressure from about 13 to 80 kPa. However, the resolution is optimum at
pressures between 27 to 40 kPa. When the pressure is increased further, the
full energy peaks broaden considerably due to recombination and negative ion
formation. In practice, the poorer resolution of the peaks does not aﬀect the
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counting of neutron-induced events, and tubes with higher pressure gas are
quite acceptable.
In a BF3 tube, the outer diameter cathode, are commonly manufactured
using aluminum or stainless steel cylinders, and the central small diameter is
an anode wire. The diameter of the anode determines the operating voltage;
the larger the diameter and or the higher the ﬁll gas pressure, the higher the
voltage. For example, with an anode diameter of 0.1 mm or less, operating
voltages tend to be about 2000 to 3000 V and the typical gas multiplication
factors are of the order of 100 to 500.
BF3 counters of a typical size are normally limited to an operating temper-
ature of about 100◦C, but specially designed tubes can extend the operating
range to as high as 150◦C. These limitations are due to the insulating ma-
terial used in ﬁxed connectors. Sakai et al. [Sak83] reported that the pulse
height decreases and the peak width broadens as the temperature increases.
These changes are related to the possible out-gassing of impurities from the
counter walls or other components. Counters can be operated continuously at
100◦C without an appreciable change in characteristics and it is a conservative
maximum temperature rating for these tubes for continuous operation.
Because of the relatively high operating voltage, spurious pulses of about
the same size as the signal pulse can sometimes arise from the ﬂuctuations in
leakage currents through the insulators. This occurs especially under condi-
tions of high humidity. Spurious pulses may also arise if the BF3 counters are
subjected to vibrations and shocks.
5.2.2.3 Boron trifluoride response to γ-radiation
In many applications of the BF3 detector, the ability to discriminate against
γ-ray events is considered important. Gamma-rays interact primarily with the
counter walls and create secondary electrons that may produce ionization in the
gas. Since the stopping power for electrons in gases is quite low, an electron
created from γ-ray events will deposit a small fraction of its initial energy
within the gas before reaching the wall of the counter. Hence, the γ-rays will
produce low-amplitude pulses that will lie in the tail of the low-energy part of
the spectrum in Fig. 5.4. Pulse height discrimination can be used to eliminate
these γ-ray events without compromising the neutron detection eﬃciency.
If the γ-ray ﬂux is suﬃciently high, however, several complications can re-
duce the eﬀectiveness of this pulse height discrimination. At high γ-ray ﬂuxes,
pulse pile-up may produce a peak amplitude that is considerably larger than
any individual pulse. Short time constants are desirable to reduce the γ-ray
pile-up but may lead to a reduction in the neutron-induced amplitude due to
incomplete charge integration [Bro74]. In addition, if the γ-ray ﬂux is quite
high, γ-rays can themselves interact with the gas, breaking its chemical bond-
ing and deteriorating the performance of the BF3 detector as a proportional
counter. In extreme cases, the radiation-induced chemical changes can result
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in permanent damage to the tube. There is successful discrimination of γ-ray
events at exposure rates of about 1.431 Sievert per hour using a conventional
BF3 tube [Ver74]. Boron triﬂuoride tubes that employs activated charcoal in-
side the tube to act as an absorbing agent for contaminants has been developed
and improve the operating characteristics [Sto66].
5.2.3 Boron-lined proportional counters
The interior walls of the boron-lined proportional counters are coated with
enriched 10B in a solid form. This conﬁguration has the advantage that a
more suitable proportional gas can be used in order to reduce the chemical
degradation problem as experienced by BF3 gas when exposed to high γ-ray
ﬂuxes. Since the maximum range, for α-particles from the boron reaction is of
the order of 1 mg·cm−2, increasing the thickness of the coating can improve the
eﬃciency of the counter. However, creating a thicker coating will simply result
in a layer that is too far from the ﬁlling gas to permit any reaction products to
reach the gas, and the eﬃciency will drop slightly due to the added attenuation
of the incident neutrons.
In the boron-lined counters, the nuclear reaction occurs in the wall, and the
reaction products are oppositely directed. This implies that only one reaction
product can be expected per interaction. Since the range of the α particle
is about 1 mg·cm−2 in boron, the coating must be thin and the detection
eﬃciency (of order of 10%) is lower than for BF3 gas-ﬁlled counters. Since the
nuclear reaction occurs at the wall and the reaction product ﬂy to the ﬁll gas,
so the ﬁll gas can be optimized for time-of-ﬂight measurements. The argon gas
at a pressure of 0.25 atm with a small admixture of CO2, is mostly used in the
boron-lined proportional counters. These counters operate in the proportional
region at a voltage of 600 to 850 V.
The detection eﬃciency of the 10B-lined counter depends on the kinetic
energy of the neutrons, slow and fast neutrons are detected with moderate and
low eﬃciency respectively. The 10B-lined counter has a lower γ-ray sensitivity
relative to the BF3 gas ﬁlled counters. This is because of the lower ﬁll gas
pressure, and lower operating voltage, which reduce the size of the γ-ray pulse
relative to the neutron pulse. It can be very useful for applications where
neutrons are detected in the presence of high γ-ray ﬂuxes of about 10 Sv·h−1.
In this case, the loss of neutron detection eﬃciency is about 50%, resulting
from a high discriminator setting required to reject the pile-up from γ-rays.
5.2.4 The 3He proportional counter
The 3He(n,p)3H reaction makes an attractive alternative for the slow neutron
detection to the 10B(n,α) reaction because of higher absorption cross-section.
Helium-3 gas of suﬃcient purity is used as a neutron-conversion target and
proportional gas in the 3He proportional counter. The general properties of
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Figure 5.5: The wall-effect continuum in 3He proportional counter where one of
the reaction products hit the wall of the tube, redrawn from [Kno00].
3He proportional tubes are reviewed in Ref. [Mil62]. In a large detector,
the expected energy deposition from the reaction product is 0.764 MeV. Be-
cause 3He gas has a lower atomic number, the range of the reaction products
in the gas is not always small compared with the dimension of the propor-
tional tube. The wall eﬀect discussed earlier in BF3 can also be signiﬁcant in
the 3He proportional counter. This eﬀect causes the continuum in the pulse
height spectrum. However, it is expected that increasing the dimensions of the
counter tubes will reduce the eﬀect because most of the neutron interactions
will occur within the gas.
Helium-3 proportional counters can be operated at a high pressure, from
200 kPa up to 2 MPa, due to the higher saturation (condensation) pressure of
the gas. This provides a higher detection eﬃciency and also makes its easier
to minimize the wall eﬀect. A heavier gas, such as krypton, is usually added
to shorten the range of charged particles and to stop them from reaching the
wall [Sha69]. A pulse height spectrum for 3He tube is schematically shown in
Fig. 5.5. The step structure to the left of the peak is similar to that shown
in Fig 5.4 for BF3 tubes, except that the discontinuities will occur at energies
corresponding to that of the proton (0.573 MeV) and the triton (0.191 MeV). A
single full energy peak is expected for neutron energies that are small compared
to 0.764 MeV.
The purity of the ﬁll gas is critical, as the leakage of air into the proportional
counter tube over a long period of time will cause failure which also happens
with all other proportional counters. Another factor that can cause failure is
the buildup of electronegative poison in the gas. A layer of activated charcoal
within the tube has been shown to be eﬀective in removing these poisons
and can extend the useful lifetime of a 3He detector [Eva76]. The acceptable
operating temperature for a 3He tubes has been reviewed in Ref. [Sak80] and
[Gle88] and is shown to be as high as 250◦C.
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Gamma-rays, as in the case of BF3 detectors, produce a detectable signal
by releasing electrons via interactions within the metallic walls of the tube.
However, in the case of the 3He proportional counters, the signals produced by
electrons arising from the γ-ray interactions are more diﬃcult to discriminate
against using their amplitude, due to the lower Q-value = 0.764 MeV of the
3He(n,p) reaction. An increased energy deposition by electrons as they traverse
the gas, which in turn increases the amplitude of the signal associated with
the γ-rays, is another problem, because the detector operates at higher gas
pressure. Hence, 3He proportional counters are more sensitive to γ-rays than
BF3 counters. Being a monatomic gas, helium does not decompose under
intense γ-ray exposure and such detectors can sustain very high γ ﬁelds.
5.2.5 The fission chamber neutron detector
Fission chambers are another type of gas-ﬁlled detectors that operate in the
ionization region described earlier in this chapter. These devices are avail-
able in smaller sizes, i.e. lengths of about 40 to 300 mm and diameters of
about 6.0 to 50 mm. A very thin layer (0.02 to 2 mg·cm−2 surface thickness)
of ﬁssionable material is electroplated, evaporated or painted on to the inner
walls and directly exposed to the detector gas. This ﬁssionable material is
usually highly enriched in 235U. Since the nuclear ﬁssion of 235U releases a
large amount of energy 200 MeV, a low background events can be easily be de-
cerned in the ﬁssion chambers and neutron counting can practically be carried
out at very low counting rates. In the ﬁssion chambers, the ﬁssile material
is not part of the proportional counter gas, because of its adverse chemical
and physical properties. The ﬁssile deposition thickness and the geometry of
where the ﬁssion fragments are collected determine the pulse height spectrum
to be expected from the ﬁssion chambers. The double-humped ﬁssion frag-
ments energy spectrum shown in Fig. 5.6(a) appears for deposition that is
very thin compared with the fragment ranges. This is observed, with light
and heavy fragment distributions peaking at about 100 and 70 MeV respec-
tively. Increasing the deposition thickness reduces the average range of the
ﬁssion fragments and distorts the shape of the measured distribution. The
expected change in the spectrum shape as the thickness of the deposition of
UO2 increases is shown in Fig. 5.6(b). The energy-loss eﬀects limit the prac-
tical deposit thickness to about 2-3 mg·cm−2 of highly enriched 235U [Kah65]
and the corresponding detection eﬃciency in 2π counting geometry is about
0.5% at thermal energy, dropping to about 0.1% at 0.5 eV. Typical ﬁssion
chambers employ a single layer, and are thus limited to an equivalent neutron
detection eﬃciency. However, more advanced ﬁssion chambers with a higher
detection eﬃciency are designed by providing multiple layers of ﬁssile deposits
and detecting fragments in each segment of the chamber between the layers
[Val85, Dou05, Gio96].
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Figure 5.6: The fission fragments energy spectra from UO2 deposits of two different
thicknesses: (a) deposit thickness = 2.86 × 10−2 mg·cm−2, (b) deposit thickness =
1.30 mg·cm−2, [Kah65].
These neutron detectors are made with dual ﬁssion chambers that have ex-
tremely thin backing material underneath a thin ﬁssile deposit to allow both
ﬁssion fragments to escape into opposite halves of a dual ﬁssion chamber. As
a result, the simultaneous detection of both ﬁssion fragments from the same
event can be achieved. Since the ﬁssile materials contain α-emitting isotopes,
the background caused by α-particles will appear at low energies. These α-
particles are emitted with energies of about 5 MeV, whereas the energy from
the ﬁssion fragment is an order of magnitude higher. Thus, to eliminate the α-
particle background, the threshold setting of the electronics must be set higher
than the α-induced signal. However, some of the low-energy pulses from the ﬁs-
sion fragments will be lost. There is more α-particle activity in plutonium than
in uranium, hence the threshold must be set higher for the plutonium-lined
ﬁssion chambers . Fission chambers have the lowest sensitivity to γ-radiation
106 R·h−1 than any other neutron detector, which is due to the fact that ﬁssion
fragments deposit a large amount of energy in the detection medium compared
to γ-ray events. Fission chambers are used in nuclear reactors to perform di-
rect unshielded neutron measurements of spent fuel. Fission chambers have
inherently low detection eﬃciency, however the large ﬁssion cross-section and
number of neutrons available for counting balances the eﬀect. The sensitivity
of a ﬁssion chamber is deﬁned as
S = (πdLt)Nσf
(
1− t
2Rf
)
, (5.2)
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where d is the diameter of the cylindrical ﬁssion chamber, L is its length, N
is the nuclear density of the ﬁssion material, t is the thickness of the ﬁssion
material coating, σf is the microscopic ﬁssion cross-section and Rf is the range
of the ﬁssion fragments in the coating. For a typical chamber, enriched to
93% of 235U with d = 25 mm, L = 20 cm and coated with 1 µm UO2 with
N = 2.33× 1023 atoms·cm−3, Rf = 15 µm, σf = 536 b for neutrons of energy
E = 0.025 eV, the thermal neutron sensitivity is equal to 0.18 cps/n·cm−2·s−1
(cps = counts per second). The sensitivity can be changed by changing the
coating of the ﬁssion material or the nuclear density.
5.3 Scintillation detectors for neutron detection
In general, scintillator detectors have a high density detection medium which
oﬀers a higher neutron detection eﬃciency than gas ﬁlled detectors. This
detection medium can be in the form of solid (plastic or glass) or liquid mate-
rial and their atoms are easily excited during the interaction with secondary
charged particles. The excited atoms emit visible light when they de-excite
to their ground state. Materials such as crystals of lithium iodide and certain
plastics are commonly used as scintillators. These materials are attached to
one end of a photomultiplier tube, and the photons emitted by the scintillator
are converted into an electric signal which is sent to an electronic counter.
Scintillator detectors are ideal for current mode type applications where the
neutron ﬂux is too high to resolve individual pulses.
Plastic or liquid scintillators that use proton-recoil interaction are mostly
used for fast neutron detection because they are quick to respond during ir-
radiation and aﬀordable. Plastic scintillator detectors are mostly used for
coincidence counting measurents because the discrimination between the real
and the accidental events can be easily achieved. For fast neutron detection
applications, the coincidence resolving time is usually in the range of tens of
nanoseconds from the sample to the detectors, while for a system that mod-
erates the fast neutrons before detection, the resolving times of a coincidence
counting system is in the range of tens of microseconds, which is the time
required for thermalization. The organic scintillators have high γ-ray sensitiv-
ity, which is a disadvantage when they are employed for neutron counting in a
high radiation ﬁeld. Detection probabilities for neutrons and γ-rays are com-
parable, and the resulting pulse-height spectra from monoenergetic radiation
of both types are broad and overlapping. The pulse resolution is not suﬃcient
to discriminate between neutron and the γ-ray signals.
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Figure 5.7: The neutron and γ-ray attenuation coefficient as a function of incident
energy in an NE213 scintillator, redrawn from [Cra70].
5.3.1 Fast neutron measurements with scintillator
detector
Fast neutrons interact in a scintillator detector through scattering with hy-
drogen or carbon nuclei, but the most useful scintillator light comes from
recoiling hydrogen nuclei. This occurs because the neutron mass is similar to
the proton mass, thus a neutron transfers all of its kinetic energy in head-on
elastic scattering interactions to a recoiling proton in the forward direction.
The scintillation light is collected and converted to an electronic pulse whose
magnitude is proportional to the kinetic energy of the recoiling hydrogen in
a photomultiplier tube, which is optically coupled to the scintillator. A good
scintillating material should have the characteristics such as a relatively high
eﬃciency for converting recoiling nuclei energy to ﬂuorescent radiation, high
transparency to its own radiation, and good matching of the ﬂuorescent light
spectrum to the photomultiplier tube response. Several scintillators are com-
mercially available for fast neutron measurements, such as NE102 and NE213,
which adequately satisfy these criteria. Although the mechanism by which
the kinetic energy of the incident fast neutrons is transfered to protons in an
organic scintillator is similar to that in a hydrogen recoil proportional counter,
the overall detection process is diﬀerent. The diﬀerence is in the physical
properties of organic scintillators and gases. This is because the density of the
organic scintillator is of the order of unity whereas that of the proportional
counter is of the order of 10−3 g·cm−3. This implies that the probability of
interaction for both neutrons and γ-rays will be substantially higher in the
scintillator than in the gas ﬁlled proportional counter.
As shown in Fig. 5.7, the interaction probability in NE213 scintillator
depends on the energy of the neutron and γ-ray. It can be seen that the in-
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Figure 5.8: Scintillation light yield as a function of particle energy for electrons
and protons in an NE 102, redrawn from [Kno00, Cra70].
teraction probability for neutrons in this scintillator is higher when compared
to that of γ-rays of the same energy. Since the particles travel longer in a
less dense material, such as gas, the ranges of the recoiling protons and elec-
trons from photon interactions will be substantially shorter in the scintillator
than in the gas ﬁlled detector. The events occurring near the boundaries of the
detectors, are of less important in the scintillator detector than in gas-ﬁlled de-
tectors where the wall-eﬀect appears in the pulse shape spectrum. High-energy
electrons from the photon interaction can stop inside the detector volume and
this can have an eﬀect in the pulse shape spectrum. In addition, recoiling elec-
trons and protons of the same initial energy can produce diﬀerent amounts of
light in a scintillator, which is caused by the diﬀerent ionization densities along
the slowing-down paths. As shown in Fig. 5.8, the light output for protons
is always less than that for electrons of the same energy. In some cases, the
scintillation eﬃciency may be independent of energy, leading to a dependence
of the light yield on initial energy.
5.3.1.1 Pulse-shape discrimination in liquid scintillator
In a liquid scintillator, the process of transforming the kinetic energy of the
recoiling particles into visible light is complex. This is because the decay
times of the major components of the scintillator light, called the prompt
ﬂuorescence, is of the order of a few nanoseconds. It also represents most of the
observed scintillation light and in principle, liquid scintillators can operate at
very high counting rates. However, a longer lived component of the scintillator
light, which has a decay time of several hundred nanoseconds is also observed in
many cases, corresponding to delayed ﬂuorescence. As a result, the total light
output can often be represented by the sum of two exponential decays, referred
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Figure 5.9: The time dependence of scintillator pulse in stilbene when excited by
different incident particles types, redrawn from [Bol61].
to as the fast and slow component of the scintillation. Depending on the type of
particle, either electron or proton, that has induced the radiation, the fraction
of the total light observed in the slower component will vary. Heavier particles,
such as protons, have a higher speciﬁc ionization and produce more delayed
ﬂuorescence light. In Fig. 5.9, the time dependence of the organic crystal
scintillator pulse when excited by radiation of diﬀerent types is shown. This
time dependence makes it possible to identify particles by looking at the rate of
energy loss, dE/dx but producing the same amount of light in the scintillator.
5.3.2 Slow neutron measurements with a scintillator
detector
Slow neutrons can be measured with a scintillator detector containing 6Li
material. This detector is commonly used because of the large Q-value for
the 6Li(n,α)3H reaction, which oﬀers some advantages when it comes to the
discrimination against γ-ray background and other low-amplitude events. For
slow neutron interactions, this reaction also proceeds exclusively to the ground
state of the product nucleus, and the energy is always shared between the α
and tritium particles.
Lithium-containing scintillators are manufactured in the form of crystalline
lithium iodide, LiI. The crystals are generally large compared to the ranges of
either of the neutron-induced reaction products. Therefore, the pulse height
response will be free of wall eﬀects and the spectrum will show a single peak for
slow neutron interactions. The range of secondary electrons produced by γ-rays
will not be large compared with typical crystal dimensions. The scintillation
eﬃciency for lithium iodide is nearly the same for both electrons and heavy
charged particles. For example, a 4.1 MeV electron will yield about the same
light as the 4.78 MeV reaction products. Therefore, a single γ-ray interaction
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in LiI is capable of producing a maximum pulse height approximately propor-
tional to the energy of the γ-ray, whereas each neutron interaction produces
a pulse equivalent to 4.1 MeV on the same scale. The γ-ray discrimination
characteristics are lower than those of typical gas-ﬁlled neutron detectors, in
which a γ-ray can only deposit a small fraction of its energy. The 6LiI scintil-
lator is very hygroscopic and has to be used in an hermetically sealed assembly
[Syn04] to avoid exposure to water vapor. If a small amount (less than 0.1%)
of europium is added as an activator to LiI, light output of about 40% of the
equivalent NaI(Tl) yield can be achieved [Syn04]. The scintillation decay time
is approximately 0.3 µs [Nic55]. The intrinsic eﬃciency of the 6Li(Eu) crystal
for neutron capture can be expressed by the formula
ǫ = 1− exp (−nσx), (5.3)
where n is the number of 6Li atoms per unit volume, σ is the neutron capture
cross-section, and x is the thickness of the detector. The high density nature
of the Li scintillator makes it possible to design small sized detectors with
eﬃciencies of 25 to 100% for thermal neutrons. For example, a 10 mm thick
crystal prepared from highly enriched 6LiI remains nearly 100% eﬃcient for
neutrons with energies from thermal to 0.5 eV [Ale03]. A 6LiF/ZnS:Ag scintil-
lator with a thickness of 0.42 mm has also achieved a 100% eﬃency for thermal
neutrons [Bae02]. Because of their small thickness, γ-ray discrimination is very
eﬀective, since a large fraction of the γ-rays and secondary electrons created by
γ-ray interactions will escape without depositing their full energy. The ratio
of the light yield in thermal neutron detection to that in γ-ray detection de-
creases with temperature [Yuk11] for lithium glass scintillators. This decrease
in the relative light yield of neutron detection may be caused by a reduction
in the numbers of the excited electrons which contributes to the scintillation
luminescence. Other modern lithium-loaded glass scintillators are made from
various mixtures of LiO2, Al2O3, Ce2O3 and SiO2 [Bro86].
5.4 Neutron detector for reactor measurements
A large amount of the nuclear energy generated in thermal reactors is through
the nuclear ﬁssion process induced by slow neutrons. Hence, to monitor the
reactor, a neutron detection system that measures the thermal neutron ﬂux
must be part of reactor control safety systems. In principle, some of the
detector types detailed earlier in this chapter can be adapted for the purpose
of reactor measurements. However, the extreme conditions (high radiation,
temperature and pressure) associated with a reactor at full operation often
lead to substantial changes in the detector design. The slow neutron detector
design speciﬁcally for reactor environment applications has gradually evolved
to adapt to reactor conditions.
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In principle, the reactor instruments can be divided into two categories: in-
core and out-core systems. In-core detectors are small devices located within
the narrow coolant channels or central reﬂector in the reactor core to provide
detailed information about the neutron spectrum within the core. These sen-
sors can be either ﬁxed in one location or brought inside by a movable drive.
Out-core detectors are larger in size compared to in-core detectors and are
placed either inside or outside the reactor pressure vessels. In this reactor
area, the environmental conditions are much less severe compared to those
inside the core. These out-core detectors respond to properties of the neutron
ﬂux integrated over the entire core.
The majority of neutron detection systems for reactor applications are of
the gas-ﬁlled type because of their inherent γ-ray discrimination, wide dynamic
range, long-term stability and resistance to radiation damage. Detectors based
on scintillation process are less suitable because of the enhanced γ-ray sensi-
tivity of a solid or liquid scintillators. Semiconductors are very sensitive to
radiation damage and are never used in reactor environments.
5.5 In-core neutron detectors
Neutron detectors that can provide information about the neutron ﬂux proﬁle
within the core are of importance in ensuring the safe operation of the reactor.
Much emphasis is placed on compactness and miniaturization of the detectors
because of the small space about 7 cm in which it must be located in the core.
These detectors are either ﬁtted to a motorized drive to enable them to travel
through the reactor or ﬁxed to the center core. Some may provide a continuous
readout, whereas others provide a readout only at periodic intervals. Typical
operating conditions depend on the type of reactor, whether it is a conventional
water or high temperature gas-cooled reactor. This has been described earlier
in Chapter 2, section 2.4.
5.5.1 Review studies of in-core neutron detectors
Neutron detectors that have the ability to perform real-time measurements
within the core where the operating conditions are characterized by intense
radiation ﬁelds and high temperature are required to monitor and ensure safe
operation of the reactor. A few neutron detectors that have some of these
characteristics were developed recently. The following review provides back-
ground information regarding the development of high ﬂux neutron detectors,
their strength and limitations with respect to in-core reactor measurements.
5.5.1.1 Micro-Pocket Fission Detector
A Micro-Pocket Fission Detector (MPFD) is a gas-ﬁlled neutron detector de-
veloped to monitor the power level, slow and fast neutron ﬂux proﬁle in real-
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Figure 5.10: A schematic diagram of the micro-pocket fission detector (MPFD),
redrawn from [Dou05].
time within a nuclear reactor [Dou05]. As seen in Fig. 5.10, the detector is
made from the ceramic aluminum oxide or oxidized silicon materials with a
diameter of 4 mm and height of 2 mm and, a gas pocket with diameter of 3 mm
and height of 1 mm. The opposite sides of each gas pocket are coated with a
conductive layer followed by a neutron reactive ﬁlm for converting neutrons to
charged particles. The design makes use of a neutron reactive material such as
235U, 232Th, 10B or some material containing 6Li, conﬁned within a gas pocket
ﬁlled with methane based P-10 gas. The ﬁssion products from neutron induced
events enter the gas pocket and ionize the gas molecules to form electron ion
pairs which produce a current that is recognized and measured by sensitive
external electronics.
The device is operated in the same way as the other gas ﬁlled detector de-
scribed earlier, but here the voltage is applied across the gas chamber. Because
the stopping power of electrons in a gas is substantially lower than the stopping
power of ﬁssion fragments, the charge-induced signals are signiﬁcantly larger
for ﬁssion fragments than for recoil electrons in the MPFD. Special insulation
material is used to seal the connecting wires from the device to the power sup-
ply and for taking information to the computer and also to ensure that no gas
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Figure 5.11: The schematic representation of the PICCOLO neutron detector
which is based on the MICROMEGAS structure [Gio96].
leaks out. A high-temperature cement is required to seal the ceramic pieces.
The MPFD has a small size that enables them to be placed throughout
the core for three dimensional mapping of the neutron ﬂux proﬁle in real-time.
The MPFD has been tested in a thermal neutron beam port tangential to
the Kansas State University (K-State) TRIGA (Training, Research, Isotopes,
General Atomics) Mark-II research reactor and in the center of the core. When
the device is placed within the center of the core, cables connecting the device
to the preampliﬁer are extended from the reactor core up to above the water
line. An aluminum tubes needed to be inserted to seal the cables from water
leaks and to keep the electronics away from high radiation. Measurements of
15-min duration were performed with the reactor power incrementally chang-
ing in power from 1mW up to 225 kW, and the thermal neutron ﬂux at the
detector location ranging from 103 to over 1012 n·cm−2·s−1. Since the range of
the thermal neutron ﬂux in this reactor are low energy for the detector elec-
tronics to resolve individual pulses, the MPFD was operated in pulse mode
for the entire test. The MPFD was found to be radiation hard and poten-
tially capable of operating in a neutron ﬂuence exceeding 1019 n·cm−2 without
noticeable degradation.
5.5.1.2 PICCOLO in-core neutron detector
The PICCOLO in-core neutron detector is based on the MICROMEsh GAseous
Structure (MICROMEGAS) technology [Fan04]. As shown in Fig. 5.11 (a),
the detector is placed in a 1500 mm long cylindrical chamber made of stain-
less steel with a 35 mm external diameter and 30 mm internal diameter. The
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detector is held at the end of the chamber by a stainless steel rod. Inside the
micromegas detection module are four micromegas detectors of 5 mm2 with a
common 30 µm thick stainless steel micromesh of 500 LPI (see Fig 5.11(b)).
Six wires from the detector to the top of the chamber connect the four cath-
ode pads, the micromesh and the drift electrode. The drift electrode is put
on a ceramic piece with four holes, of which one is empty and three hold dif-
ferent neutron conversion materials. The three neutron conversion materials
used in this device are 10B (50 µg·cm−2), 232Th (140 µg·cm−2) and 235U (50
µg·cm−2). The drift gap is 1 mm in the case of the 3 neutron converter mate-
rials whereas it is 3 mm for the empty one. The 160 µm ampliﬁcation gap is
ﬁxed mechanically by a stainless steel piece with four holes.
Micromegas is composed of two stages separated by a micromesh: a drift or
ionization space with a low electric ﬁeld (≈ 1 kV·cm−1), and an ampliﬁcation
space with a high electric ﬁeld (≈ 10 kV·cm−1) [Gio96]. Electrons produced
from the ionization of the gas, drift toward the micromesh under the action of
the low electric ﬁeld. The detector can use both pulse mode when the counting
rate is low, or current mode when the counting rate become too high for pulse
mode.
The long cylindrical chamber can be placed inside an empty rod of a
TRIGA (Training, Research, Isotopes, General Atomics)-type reactor for in-
core measurements. The Piccolo detector has been tested inside the 1 MW
TRIGA nuclear reactor of the ENEA center in Casaccia (Italy) sealed in for
a duration of two weeks [Gio96]. The chamber was hermetically sealed at
the top with watertight connections for the signals, the high voltages and the
gas. The measurements were performed with the reactor operating at a power
ranging from 10W to 400 kW at two diﬀerent positions (in the center and on
the periphery) inside the reactor. At a reactor power of 100 kW, the γ-ray
ﬂux in the center of the core was about 109 γ·cm−2·s−1 and the detector was
operated in both pulse and current mode.
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Development of a high flux
neutron detection system
From the review of the detectors described in section 5.5.1, one can conclude
that the MPFD and MICROMEGAS neutron detectors are less suitable for
use as in-core neutron detectors in the HTGR for a number of reasons. The
power leads and signal cables from the device to the electronics require special
insulation in order to survive the extremely harsh environment of the HTGR.
The harsh conditions are the high temperature of 950◦C, the pressure of 9
MPa, and the radiation ﬂux of about 1014 n·cm−2·s−1, and the comparable
ﬂux of γ-rays. These detectors could, however, be placed outside, where the
temperature and radiation levels are lower compared to inside the core. For
the purpose of monitoring a reactor core like that of the HTGR, a special de-
sign of detector that does not require cables running from the reactor to the
electronics could be a solution. Hence, this project investigates the feasibility
of developing such a detector system. This is a high ﬂux neutron detection
system that incorporates a mass analyzer to quantify certain reaction prod-
ucts from neutron-induced break-up reactions for slow and fast neutron ﬂux
measurements.
6.1 Description of the high flux neutron
detection system
The newly developed high ﬂux neutron detection system, shown in Fig. 6.1,
consists of:
• A reaction chamber which is the stainless steel container, either for 6Li
or 12C neutron converting materials,
• An evacuation stainless steel pipe where a gas ﬂows through from reac-
tion chamber to the mass analyzer,
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Figure 6.1: A schematic diagram of the high flux neutron detection system setup.
• The vacuum pumps which evacuate the gas molecules from the vacuum
chamber and maintain a low pressure of residual gas,
• The cryogenic traps which remove the gas impurities in the vacuum
system and,
• The Residual Gas Analyzer (RGA) which analyzes the gas in the vacuum
system.
This system is capable of measuring a high ﬂux of slow and fast energy neu-
trons, by ﬁlling the reaction chamber with a neutron conversion material sen-
sitive to either slow or fast neutrons, separately. For both energy ranges,
the mechanism of converting neutrons into charged particles is similar. Neu-
trons induce break-up reactions in the reaction chamber, where 4He nuclei
(α-particles) are emitted as decay products. The α-particles, in turn, will cap-
ture electrons to form 4He atoms, which diﬀuse and move out in the form of
a gas to be later quantiﬁed by an RGA and hence, the information about the
neutron ﬂux can be derived.
Irrespective of the neutron energy range, either slow or fast neutrons, that
needs to be measured, the experimental setup down-stream of the reaction
chamber is the same. The 4He atoms created in the reaction chamber will
diﬀuse and move out with the help of a pressure gradient provided by a turbo-
molecular pump in combination with a dry backing scroll pump through a
4m long and 0.07 m diameter evacuation pipe. The two pumps ﬁrst evacuate
the reaction chamber and the evacuation pipe in order to have a minimum
background of other gases that are not of interest. A cryogenic trap ﬁlled
with a molecular sieve essentially freezes out the water vapour and adsorbs
gas impurities present in the vacuum system. The mass spectrometer (RGA)
is employed to measure the gases ﬂowing out of the reaction chamber into the
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Figure 6.2: The total cross-section data for α-production with neutrons on 12C
material, [NNDC].
vacuum, and is placed after the cryogenic trap. The position of the mass spec-
trometer close to the cryogenic trap is preferred because of reduced impurities
in the 4He gas to be quantiﬁed
6.1.1 Fast neutron detection
Fast neutrons with an energy of 7 MeV and higher are measured in the high ﬂux
neutron detection system through 12C(n,n′α)9Be and 12C(n,n′)3α reactions. In
the total cross-section data of the 12C(n,n′α) reaction shown in Fig. 6.2, it can
be seen that the threshold energy for α production in 12C is 7 MeV. This implies
that neutrons with energies equal to or greater than the threshold energy will
potentially produce one or more α-particles in the reaction chamber.
The reaction chamber shown in Fig. 6.3 is a leak-tight stainless steel con-
tainer, 60 cm long and 10 cm in diameter, ﬁlled with 1 kg of graphite for the
conversion of neutrons into α-particles. This graphite, 96.5% carbon, is in the
form of a ﬁne powder, with 5µm grain size, and a bulk density of 0.2 g·cm−3.
It was supplied by Graphit Kropfu¨hl AG [Gra10]. There are several factors
that have inﬂuenced the dimensions of this reaction chamber and the quantity
of the graphite powder. With the density at 0.2 g·cm−3, it was calculated and
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Figure 6.3: The carbon reaction chamber consisting of a 600×Â100 mm stainless
steel container filled with 1 kg of graphite powder.
veriﬁed that the average mean-free path of the fast neutrons in this powder is
about 50 cm, the 12C(n,n′α) reaction cross-section is relatively small (less than
1 b), intensity of the secondary neutron beam available at the iThemba LABS
facility is about 1010 n·s−1. As a result, the reaction chamber was placed in
such a way that the 60 cm length was along the neutron beam axis. This
increases the probability of fast neutron interactions as they traverse through
the powder, which in turn maximizes the 4He atoms production.
6.2 Characteristics of the high flux neutron
detection system
The detection systems for monitoring the neutron ﬂux in a reactor core where
there is a high ﬂux of fast neutrons and γ-rays, as well as high temperature
and pressure, should be stable in situ for a long period of time. The detector
should also have high sensitivity to the neutron energy range, either slow or
fast neutrons, be insensitive to γ-rays and perform real-time measurements.
These are some of the characteristics required for a high ﬂux neutron detector
and what follows is a short discussion of these characteristics.
6.2.1 Neutron detector stability
The high ﬂux neutron detector is designed speciﬁcally for a reactor environ-
ment like that of the PBMR. For this reason, the reaction chamber to be
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exposed to high radiation is built from radiation-hard material, such as nu-
clear grade stainless steel. The advantage of using stainless steel is that of low
activation with a high neutron ﬂux but a low perturbation to the intensity of
the neutron ﬂux. Stainless steel material is also rigid, with a low deterioration
rate in high-radiation environments. It can also be used as a vacuum chamber,
because it has very little out-gassing under a high-vacuum system. This design
makes the detector suitable for long exposure time in the high neutron ﬂux
environment.
6.2.2 Neutron flux detection modes
The high neutron ﬂux detection system is adapted to measure high intensity
neutron beam, 1012n·s−1, in current modes whereas the accumulation mode
is employed to measure the lower intensity neutron beam between 1010n·s−1
and 1012n·s−1. The weak signal from the low neutron ﬂux is strengthened by
accumulating the 4He gas produced while irradiating the reaction chamber. In
the schematic diagram shown in Fig. 6.1, the isolating valve, denoted by a
symbol x, is ﬁtted in the detection setup in order to allow the accumulation
mode. This is done by closing an isolating valve and allowing the partial
pressure of 4He gas to build-up inside the helium concentrator chamber. The
current mode is the direct through-ﬂow neutron ﬂux measurement method.
This is done by measuring the 4He gas produced with the isolating valve open
and the turbomolecular pump at the exhaust of the concentrator allowing
continuous streaming through the evacuated system.
6.2.3 Sensitivity to neutron energy range
The future intention is to incorporate the slow and fast neutron detectors
into HTGR reactors to indirectly monitor the temperature by measuring and
characterizing the neutron ﬂux proﬁle within the core. As shown in Fig. 3.6,
the neutron energy spectrum can be divided into three components. Fig. 3.7
shows that the slow neutron component ﬂux varies relative to the fast neutron
component ﬂux as a function of the temperature. This means that the high
ﬂux neutron detection system has to be sensitive to slow and fast neutron
energy ranges to eﬃciently monitor the in-core ﬂux. Hence, the method of
using multiple detectors with diﬀerent energy detection eﬃciencies is employed.
Neutron converter materials, 6Li and 12C, are used in the lower and higher
energy ranges respectively. Measuring the absolute neutron ﬂux in the slow
and fast regions and deducing the ratio can inform on the average temperature
of the fuel particles.
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6.2.4 Insensitivity to γ-radiation
Unlike the gas-ﬁlled and scintillator detectors, mentioned in Chapter 5, which
use the neutron detection technique of ionizing the detection medium and
excitation of molecules that emit visible photons while de-exiting, the high
ﬂux neutron detection system measures the reaction products in the form of a
gas with a mass analyzer.
The high ﬂux neutron detection system is expected to be insensitive to
γ-rays as the photodissociation of 6Li and 12C nuclei has a much lower cross-
section compared to neutron-induced break-up reactions. The products that
are in the form of a 4He gas are uniquely quantiﬁed using an RGA.
As shown in Fig. 4.11, the cross-section of the neutron-induced break-up
6Li(n,α)3H reaction is 1000 b at an incident neutron energy of 2.5 × 10−2 eV
and drops to 0.085 b at an energy of 5 MeV, whereas the photodissociation
cross-section of the 6Li(γ,np)4He reaction, as shown in Fig. 6.4, with an energy
threshold of about 5 MeV, corresponding to the cross-section of 0.3 mb [Ber65].
Thus, the neutron-induced reaction in the slow energy range on 6Li dominates
the γ-induced reaction. This makes the slow neutron detection system to be
about seven orders of magnitude less sensitive to γ-rays with energy greater
than 5 MeV than for neutrons and absolutely insensitive to γ-rays with energy
less than 5 MeV.
The total α production neutron cross-section on 12C is shown in Fig. 6.2
with an energy threshold energy of 7.5 MeV. The 12C(γ,3α) reaction cross-
section has been measured by Garnier et al. [Gar60]. They found that σ =
0.044±0.011 mb at 14 MeV and increases to 0.19±0.021 mb at 17.6 MeV. The
12C(n,xα) reaction cross-section within the fast neutron energy range is about
four orders of magnitude higher than the cross-section of 12C photodissociation.
The energy threshold for γ-ray is very high Eγ > 7 MeV, and the ﬂux of such
γ-rays is expected to be very low compared to the fast neutron ﬂux.
The high neutron conversion cross-section and the detection technique of
the reaction products makes the high ﬂux neutron detection system to be
insensitive to γ-rays.
6.2.5 Real-time data reading system
A real-time response of the neutron detector is required to monitor the change
of the reactivity in the reactor core, since this change can occur over relatively
short periods of time. A high ﬂux neutron detection system must be able to
respond rapidly to a change in neutron ﬂux incident on the reaction chamber.
The quantity of the reaction products will be used to determine the reaction
rate and to deduce the neutron ﬂux. The high ﬂux neutron detector is devel-
oped to oﬀer an immediate reading of the neutron ﬂux and can be used as a
real-time monitoring device of the slow and fast neutrons in the core.
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Figure 6.4: The photodissociation cross-sectional data of 6Li(γ,np)4He reaction,
as a function of photon energy, [Ber65].
6.2.6 Radiation damage to the detector
It is well known that the electronic components are very sensitive to neutron
radiation and cannot work for long periods in a high-radiation environment. To
overcome this problem, the reaction products are transported from the reaction
chamber to an RGA through an evacuation pipe. The length of the pipe
from the reaction chamber to the electronics can be adjusted. The electronic
components can be placed at a large distance from the neutron source and
consequently can also be shielded easily. As long as the reaction chamber
containing 6Li and 12C materials keep its integrity, there is no deﬁned lifetime
of the detector in a reactor environment, or practical limit in terms of the ﬂux
and can be many orders of magnitude greater than 1014 n·cm−2·s−1.
6.3 Components of the high flux neutron
detection system
In the high ﬂux neutron detection system, the reaction products are allowed
to diﬀuse out of the conversion material and are measured with an RGA.
The measurements are expected to be performed under high vacuum, which
minimizes the ion-molecule reactions, scattering and neutralizing the ions of
interest. With the reduced background, the products from neutron-induced
reactions are measured eﬃciently. This is achieved by using vacuum pumps
and cryogenic traps to create vacuum space, and an RGA to measure the the
partial pressure of the reaction products and of the residual gas.
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6.3.1 Vacuum pumps
For the test measurements, the partial pressure of 4He is expected to be within
the detection limit of an RGA. Therefore, it is necessary to remove other gas
molecules from the vacuum chamber and to maintain the pressure of the resid-
ual gas as low as possible. Achieving and maintaining the low pressure will
depend upon the matching of the gas loads and the pumping speed of the
vacuum pump used. The pumping speed is of importance because it deter-
mines the quality of the high vacuum. High pumping speed is required to
obtain lower pressures. The positive-displacement fore-vacuum and a high
vacuum turbomolecular pump were used for evacuating and creating a high
vacuum space (reaction chamber and the pipe) respectively. Using these two
pumps for evacuating the 20 L system for several days, a total pressure of about
1.0× 10−5 mbar was achieved. The pressure was measured with the vacuum
meters installed at the opposite side of the pipe. The mass spectrum of the
partial pressure of the residual gas was measured.
6.3.1.1 Positive-displacement fore-vacuum pump
The positive-displacement fore-vacuum pumps have the highest performance
for removing gas molecules from the leak-tight vacuum system at atmospheric
pressure. However, the speed declines sharply as the pump begins to achieve
its lowest attainable pressure of 10−2 mbar. Such pressure is required by the
turbomolecular pump which operates at much lower diﬀerential pressures. In
this work, an oil-free positive-displacement pump was used to fore-vacuum the
system. The vacuum is then created by reducing the volume of the trapped en-
vironment and compressing the gases to an exhaust. The positive-displacement
pumps are more eﬃcient in evacuating or compressing molecules, irrespective
of their mass, than what turbomolecular pumps are.
The dry pump is preferred over the oil pump because it eliminates the
possibility of backstreaming pump oil into the vacuum chamber. This pump
oil can dissociate into molecules and atoms of lighter masses, such as hydrogen
and carbon, causing a background increase in the lighter mass region of the
spectrum.
6.3.1.2 High vacuum turbomolecular pump
The creation of high vacuum with a turbomolecular pump begins at a re-
duced pressure of about 1 mbar and, if operated at a pressure higher that this
value, the blades of the pump might be damaged as the torque applied on the
high speed motor would be too high. A turbomolecular pump is a type of
momentum-transfer vacuum pump. In a turbomolecular pump, gas molecules
are accelerated from the chamber to the exhaust by high-speed rotating blades.
As shown in Fig. 6.5, the turbomolecular pumps consist of two types of blades,
namely rotating and ﬁxed disks, called rotors and stators, respectively. The
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Figure 6.5: The cross-sectional cut of the Pfeiffer turbomolecular pump, showing
the different types of blades, adapted from [Wiki11].
rapidly rotating rotor blades (9 000-90 000 rpm) hit gas molecules from the
inlet of the pump and accelerate them towards the exhaust in order to draw
the molecules towards the backing pump and create a vacuum space.
The physics of elastic collisions can be used to model the operation of the
turbomolecular pumping. The gas molecules gain the momentum when they
collide with the fast-moving blades of the turbomolecular pump, and leave
through the exhaust at a high speed. If the velocity of the blade is ~Vb and that
of the molecule is ~Vm, then the ﬁnal velocity of the molecules after the collision
will be ~Vm +2~Vb, considering that the molecule velocity is normal to the blade
and initially towards it. The rate of pumping for a particular gas is directly
related to the fractional increase in its momentum as a result of colliding with
the blade. Hence, the pumping rate is proportional to 2~Vb/~Vm. If ~Vm > ~Vb,
then the pumping eﬃciency will fall oﬀ rapidly. The average kinetic energy of
the gas molecules E¯kin, is determined by
E¯kin =
3
2
kT =
1
2
m~V 2rms, (6.1)
where k is the Boltzmann constant, T is the temperature, m is the mass of the
molecule and ~Vm is the velocity of the molecule. Since ~Vrms =
√
2E¯k
m
, lighter
molecules will have a higher ~Vrms and, as a result, the pumping eﬃciency
of the turbomolecular pump drops oﬀ rapidly. For example, the TPH-170
turbomolecular high vacuum pump [Pfe10] used in this work has a pumping
speed of 170 L/s for N2, 130 L/s for 4He and 110 L/s for H2. The compression
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Figure 6.6: The complete Extorr package of the RGA used in the present work,
[Ext11].
ratio of diﬀerent species of gas with this kind of pump will also depend on the
mass of the molecules. This refers to a measure of the diﬀerential pressure
between the outlet and inlet sides of the pump. This turbomolecular pump
has a compression ratio of 8 × 108 for N2, 2 × 104 for 4He and 1.1 × 103 for
H2. The diﬀerences in compression ratio for the various gases is understood,
qualitatively, by comparing the most probable velocity for He (1300 m/s) and
N2 (500 m/s) at T = 300 K with the tangential velocity of a 15 cm diameter
turbo rotor rotating at 43 000 rpm. To improve the pumping of these lighter
molecules a cryogenic trap, which is more eﬃcient, was employed.
6.3.2 Residual gas analyzer
The Extorr RGA components used in the present work are shown in Fig.
6.6. The RGA is a mass spectrometer that analyzes the gas species in a
vacuum by measuring the current of ions in a mass range from 1 to 200 amu.
As seen in the image of the Extorr package, the RGA system includes the
analyzer probe, which is ﬁtted inside the vacuum chamber, the electronics,
which operates the analyzer, and software working in conjunction with an
external computer to control the electronics and display output data in the
form of a mass spectrum. The analyzer probe consists of three parts: an ion
source or ionizer, a quadrupole mass analyzer, and an ion detector. Looking
at the schematic diagram shown in Fig. 6.7, the RGA operates as follows:
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Figure 6.7: Schematic diagram for the configuration of the quadrupole mass
analyzer with four rods.
the residual gas (atoms and/or molecules) is turned into ions by an ionizer
through electron impact ionization, that is, energetic electrons are emitted
by an ionizer and collide with the gas molecules, knocking out one or more
electrons to produce positively charged, either M+ or M++ ions. The removal
of the electrons depends on the electron energy but strongly on the molecular
structure. The singly ionized charge state dominates the double ionized state.
The resulting ions are then accelerated into the mass analyzer by an adjustable
electric ﬁeld. The Radio Frequency (RF) quadrupole mass analyzer separates
the ions according to their mass-to-charge m/z ratio.
The quadrupole mass analyzer shown in Fig. 6.7 has four cylindrical rods
that are operated by a combination of Direct Current (DC) and Alternating
current (AC) voltages of varying frequency to ﬁlter the ions. Only ions that
possess the right mass-to-charge ratio can reach the ion detector for a given
applied frequency. The ion detector is a Faraday cup and is used for measuring
ion current with low sensitivity, while for higher sensitivity measurements, a
secondary electron multiplier is used.
The output of an RGA displays a graph of an analog mass spectrum that
shows the relative intensities of the various species present in the gas. This
graph has the mass-to-charge ratio on the x-axis and the relative intensity on
the y-axis, which is a reﬂection of the partial pressure of diﬀerent gas species
within the vacuum system. The peaks exhibited within the mass spectrum
need to be interpreted properly, since, in certain cases, two diﬀerent molecules
can exhibit the same mass-to-charge ratio. The mass resolution of the RGA
is suﬃcient to resolve atomic mass units, but not enough to measure the mass
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Figure 6.8: The optimization of RGA sensitivity to 4He obtained by calculating
the ratio of 4He to H4He at different electron beam current and with multiplier
voltages VSEM set to 750 and 950 V.
excess between two diﬀerent molecules with identical m/z ratio. For example,
deuterium molecules, D2, with a mass of 4.0278 amu, and 4He, with an atomic
weight of 4.0026 amu, have a mass diﬀerence of ∆(D2 −4 He)/4He = 0.6%.
Hence, deuterium will result in the same peak as 4He atoms. The knowledge
of how two diﬀerent molecules with the same mass would dissociate into smaller
fragments of diﬀerent mass-to-charge ratios allows for the absolute identiﬁca-
tion of the gas. The user can also select to view a trend line of a single ion,
which shows the partial pressure as a function of time in seconds.
6.3.2.1 The residual gas analyzer detection limit
There are two types of ion detectors within the RGA: the Faraday cup (FC)
and the Secondary Electron Multiplier (SEM). If only the Faraday cup detector
is used, then the partial pressure measurements can be performed from 10−4 to
10−11 mbar. It follows that the signal at the Faraday cup will be limited by the
background at lower pressures. This means that, at pressures below the 10−11
mbar range, the signal-to-noise ratio from the Faraday cup exceeds acceptable
levels and prevents reasonable acquisition due to the excessive ﬁltering required
to diﬀerentiate the signal from the noise. To solve this problem and increase
the detection limit of the RGA, an SEM is switched on.
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The SEM device is coated with a material that can produce a large yield of
secondary electrons when knocked by the energetic ions from the mass ﬁlter.
About two to three electrons are produced from an impact of a single primary
electron. For this device to work, a large negative potential is applied to attract
the positive ions as they come out of the mass analyzer causing them to hit the
coating at the top of the SEM. This increases the electron signal, which is then
detected by a Faraday cup and fed to the current ampliﬁer. Depending on the
applied voltage the current gain can be up to ≈ 103 so that the detection limit
of the analyzer is increased.
In this experiment, all measurements were performed with the SEM enabled
so that the signals were ampliﬁed by a factor of 1000, leading to detection
limits of 10−14 mbar. The measured current of ions at the detector cup is
ampliﬁed and scaled, typically to be displayed as a partial pressure signal by
the instrument software.
Since 4He will be the reaction product that will be measured with the RGA
for the detection of neutrons in this work, it was important to determine the
operating parameters for eﬃcient measurements of this gas. This was carried
out by performing a series of measurements where the parameters such as
the electron beam current and multiplier voltages (VSEM) were varied, but
the electron energy was kept constant. The electron energy that controls the
sensitivity of the RGA to speciﬁc atoms or molecules was kept constant at
80 eV, because it is was tested and found to be the optimal ionization energy
for 4He atoms, which agrees to the measurements performed by Montague et
al. [Mon84]. At this energy, the ionization cross-section is about 33.8 Mb.
As shown in Fig. 6.8(a), the parameters at which the ratio of 4He to H4He
is at a maximum are when the current I = 1.5 mA, with VSEM = 950 V and
electron energy = 80 eV. At these parameters, the RGA sensitivity was optimal
for 4He measurements and they were therefore employed for the experiment
with the fast neutron beam.
6.4 Determination of total and partial pressure
The total pressure of the residual gas is measured using a built-in Penning, or
ionization gauge, and a Piranni gauge of the RGA. The ion gauge converts the
ion current from the residual gas to pressure and also protects the heating ﬁla-
ment from being oxidized by switching it oﬀ when the pressure in the vacuum
system is above a threshold of 10−4 mbar. The vacuum measurements which
have been performed using the Pirani gauge are based on the thermal conduc-
tivity of the gas. The vacuum gauges operate at diﬀerent pressure levels; the
Pirani gauge operates at atmospheric pressure, while the ion gauge measures
the total pressure at a nominal 10−2 mbar up to its x-ray limit of 2.66× 10−9
mbar, and the quadrupole mass analyzer measures the partial pressure at a
nominal 10−4 mbar to well below 10−11 mbar. The total pressure read by the
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ionization gauge is the sum of all the partial pressures of the gases within the
vacuum system. This partial pressure is determined by the expression [Ext11]
P =
I
e · k , (6.2)
where I is the molecular ion current, e is the electron current to the ionizer, k
depends on the molecular composition of the gas and its units are the inverse
of the pressure. The partial pressure measurements are the most challenging
compared with other vacuum measurements. This is because they depend on
various parameters, such as the ionization cross-section, the cracking pattern
of each molecule, the inherent discrimination of the ions according to their
mass-to-charge, and the secondary electron yields for diﬀerent ions. The sys-
tem needs to be calibrated to take most of these factors into account when
performing measurements with the RGA.
The present measurements of 4He partial pressure are not on an absolute
scale because absolute calibrations were not performed. The calibration was
only relative and was obtained by using the calibrated helium leak, which has a
known leak rate to obtain the 4He atoms that could have been produced during
the reaction. The partial pressures contain some unknown scaling factor, and
therefore are measured in arbitrary units.
6.5 Helium-4 diffusion test
In order to determine the quantity of 4He atoms produced during the exper-
iment, a standard helium leak with a known leak rate was connected to the
vacuum system. The calibration measurements were performed in both cur-
rent and accumulation modes, with the reaction chamber empty and ﬁlled
with graphite respectively. The calibrated helium leak was connected to the
vacuum system through a helium leak valve in the reaction chamber. This
calibrated helium leak has a leak rate of 1.4× 10−8 atm·cm3·s−1, equivalent to
3.773× 1011 atoms·s−1.
The measurements of 4He in an empty reaction chamber were performed to
observe the diﬀusion speed of 4He from the reaction chamber side to the RGA.
The setup is shown in Fig. 6.9, where it can be seen that the turbomolecu-
lar pump (Leybold 361 turbo vac) was installed directly onto the evacuation
pipe, backed by the fore-vacuum pipe. The helium partial pressure from the
calibrated helium leak was measured to be 3.99 × 10−8 arb. unit in current
mode. The other measurements were performed with the reaction chamber
ﬁlled with 1 kg of graphite powder to test the diﬀusion of 4He through the
graphite powder. The detector setup is shown in Fig. 6.15, and Fig. 6.26
shows the plot obtained.
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Figure 6.9: Schematic diagram of the experimental setup with a turbomolecular
and a fore-vacuum pump, and a calibrated helium leak connected to the reaction
chamber.
6.6 The cryogenic trap
The cryogenic trap contains a porous material called a molecular sieve, which,
when cooled, selectively adsorbs gases and water vapour from the vacuum
system. There are several standard sieve pore sizes available commercially,
such as 3Å, 4Å, 5Å and 10Å (1 Ångstro¨m = 1×10−10 m). In the present design,
a cryogenic trap with a 5Å molecular sieve cooled by liquid nitrogen (LN2) was
used. The pore size determines the adsorption eﬃciency of molecules of various
sizes. Those molecules with a critical diameter of less than the sieve’s pore
size of 0.5 nm will be adsorbed, while large molecules will be excluded.
This cryogenic trap operates as an adsorption pump, which creates vac-
uum by reducing the amount of gas molecules within the chamber. This is
achieved by cooling the frame (box or cylinder) that contains the molecular
sieve pellets to the temperature of LN2 (77 K), by conducting the heat from
the trap towards a Dewar through a cold ﬁnger. The heat is then removed by
the evaporation of LN2. Water vapour freezes at the trap, and gases either
condensate or adsorbed on the molecular sieve. Table 6.1 shows the critical
diameter of some species present in the vacuum system that are expected to
be adsorbed by the molecular sieve after cooling in the trap.
6.6.1 The design of the cryogenic trap
The frame of the cryogenic trap was built with copper material and lined
with a ﬁne stainless steel mesh. Copper material is used for its excellent heat
conduction properties, and the mesh has pores, which allow gas molecules to
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Table 6.1: Critical diameters of common molecules present in the vacuum system.
Gas species Critical diameter Å
Hydrogen 2.4
Helium 2.0
Oxygen 2.8
Carbon monoxide 2.8
Carbon dioxide 2.8
Argon 3.8
Nitrogen 3.0
Water 3.2
Figure 6.10: A cryogenic trap made of copper plate with holes, lined by a fine
stainless steel mesh and attached to the cold finger.
enter the trap. Two traps were constructed and were placed at diﬀerent places
inside the vacuum system, attached to the Dewar, ﬁlled with LN2, through a
20mm copper rod also called a cold ﬁnger. One of the traps, which hold about
300 g of pellets, was placed inside the evacuation pipe, and the second trap,
which holds about 100 g of pellets, was placed inside the helium concentrator
chamber (discussed in section 6.8). Fig. 6.10 shows one of the cryogenic traps,
with the copper disc, mesh and cold ﬁnger attached to a Dewar at the bottom.
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Figure 6.11: The pumping efficiency of a 5Å molecular sieve for 4He is very low
compared to H2 at 20.4 K; the solid squares are H2 at 20.4 K, the open circles are
4He at 4.2 K, and the solid dots are 4He at 20.4 K, data from [Bew76].
6.6.2 The adsorption efficiency of the molecular sieve
The adsorption eﬃciency deﬁnes the capacity of the molecular sieves to remove
diﬀerent species of gas in the vacuum system. This has been found to be
dependent on the molecular sieve surface temperature [Bew76]. For example,
the adsorption speed of H2 on a 5Å molecular sieve is found to be about 7
L·cm−2·s−1 at a temperature of 20.4 K, while for 4He it is a very low 0.1
L·cm−2·s−1 at the same temperature (see Fig. 6.11). Helium-4 is adsorbed
much faster when the sieve is cooled to an even lower temperature of 4.2 K.
Also seen in Fig. 6.11, is the pumping speed, which varies slowly with pressure.
These measurements were done at a low pressure range of 10−8 to 10−4 mbar,
about the same level as in the present experiment. This observation gives us
insight into what to expect from the present measurements with the cryogenic
trap ﬁlled with the same size of molecular sieve. However, the present cryogenic
traps and molecular sieve were chilled to 77 K, about 56.6 K higher than needed
for the adsorption of H2, and 72.8 K higher than for the adsorption of 4He.
At 77 K, the 4He is expected to ﬂow through the sieve while, H2 is adsorbed
eﬃciently. Similar measurements have been performed by Bekris et al. [Bek03].
In the present measurements, a total pressure of the gases in the 20 L vacuum
system dropped by two orders of magnitude, from 10−4 to 10−6 in less than
30 min after chilling with LN2. This was an eﬀective method of reducing the
total pressure of the residual gas, especially the heavy molecules, when used
in combination with turbomolecular and backing pumps. The pumping speed
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Figure 6.12: Pressure of the gas species in the vacuum as a function of mass-to-
charge ratio (from m/z = 1 to 17) and 4He partial pressure is at a background level
of 10−10 arb. unit.
of the cryogenic trap, however, reduced when the surface of the sieve pallets
were saturated. This occurred after long pumping periods or when exposed
to a high pressure. Hence, the molecular sieve requires rigorous regeneration
between measurements.
6.7 Analysis of the residual gas in the vacuum
system
The graph shown in Fig. 6.12 presents the pressures as a function of mass-to-
charge ratio (m/z) of various gas species in the vacuum system. The scan is of
a vacuum system at a total pressure of about 8×10−6 arb. unit after pumping
with the cryogenic trap.
The log-scale plot presents a closer view of the lighter mass gases, from
m/z = 1 to 17. This is to allows a better view of m/z = 4, which is of interest in
this work. This is at a background level of 10−10 arb. unit, which implies that
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there is no contamination of 4He+ that could interfere with the measurements.
Other peaks shown in the spectrum are from the following species: The atomic
hydrogen ion H+ peak is at m/z = 1 and the hydrogen isotope 2H+ is at
m/z = 2. The peak at m/z = 3 could be due to isotopic hydrogen HD. The
doubly ionized atoms of carbon, nitrogen and oxygen appear at m/z = 6, 7
and 8 respectively. The possibility of H+ ions colliding with 4He+ ions to form
4He+H+ ions is quite low, hence m/z = 5 is at the level of the background. This
4He+ ionic formation was previously observed by Anort et al., 1939 [Arn39].
The singly ionized atomic ions C+, N+ and O+ produce peaks at m/z = 12,
14 and 16 respectively.
6.8 Accumulation mode 4He compression
Unlike in a nuclear reactor, where the neutron ﬂux is of the order of 1014
n·cm−2·s−1, the accelerator-based neutron source at iThemba LABS delivers a
beam of about four orders of magnitude less. The test of the high ﬂux neutron
detection system was to be performed in the laboratory with a neutron beam
of about 1010 n·s−1. With this beam it was anticipated that the 4He atoms
produced from neutron-induced break-up reactions would be near the detection
limit of the RGA, hence the need of developing a system that can compress
the residual gas into a small chamber emerged. In this way the concentration
of 4He within the residual gas could be increased.
The residual gas is compressed into a small stainless steel chamber called
a helium concentrator to increase the concentration of 4He atoms. As shown
in Fig. 6.13, this chamber hosts the RGA probe and the cryogenic trap. The
gas enters through the inlet indicated in Fig. 6.13 and ﬁnds an opening on the
copper rod, which guides the ﬂow to the concentrator through the cryogenic
trap 2. This allows for the impurities ﬂowing with 4He to be trapped by the
molecular sieve, and for the residual gas, containing 4He atoms, to be concen-
trated, and its partial pressure to be measured with the RGA. The volume
where the gas enters is conﬁned between Kapton foils to avoid the gas ﬂowing
to the Dewar and to the concentrator without going through the opening pro-
vided on the copper rod. The cryogenic trap 1 is placed inside the neck of the
Dewar to trap impurities that manage to leak through the Kapton windows
and to maintain high vacuum within the insulation of the container. The gas is
evacuated through the outlet ﬂange on the helium concentrator chamber. The
purpose of placing the cryogenic trap inside the helium concentrator chamber
and before the RGA probe was to trap impurities before they are ionized and
characterized by the RGA. The cryogenic trap also ensures a minimum pres-
sure of 10−5 arb. unit when the isolating valve is closed. The complete design
of the helium concentrator is shown in Fig. 6.14, where the bottom part is
the Dewar, which removes thermal energy from the cryogenic trap through the
cold ﬁnger shown in Fig. 6.10, and the top part is the helium concentrator
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Figure 6.13: Schematic diagram of the helium concentrator chamber with a gas
flow diagram. Molecules flow in via the inlet flange, find the opening at the copper
finger and flow through to the cryogenic trap. Impurities are adsorbed and the
residual containing 4He atoms is characterized.
chamber.
6.8.1 Techniques employed to compress 4He
The compression of a low partial pressure of 4He was tested with a positive
displacement pump that can compress the gas into the helium concentrator
chamber to obtain a strong signal in accumulation mode. However, no positive
displacement pump was found on the market that is designed to operate with
such a low diﬀerential pressure. Several experimental setups of compressing
the 4He from the calibrated helium leak, which has a leak rate of 1.4 × 10−8
atm·cm3·s−1, into a helium concentrator chamber, were tested.
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Figure 6.14: An image of the helium concentrator attached to the Dewar that
contain LN2.
Figure 6.15: Schematic diagram of the setup with turbomolecular pump 1 com-
pressing the 4He from the calibrated helium leak into the helium concentrator cham-
ber, which is evacuated by turbomolecular pump 2, backed by a fore-vacuum pump.
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Figure 6.16: Gas compression with turbomolecular pump, (a) shows the behavior
of different gases as the pump is switched on and off, and (b) shows the different
slopes of 4He partial pressure: from point (A) to (B) the turbomolecular pump was
switched off and (B) to (C) the turbomolecular pump was on.
6.8.1.1 Compression of 4He with one turbomolecular pump
An experimental setup of 4He compression with one turbomolecular pump is
shown in Fig. 6.15. In this setup, a Pfeiﬀer TPU 170 L/s turbomolecular pump
1 was connected directly to the evacuation pipe and the exhaust was connected
to the helium concentrator chamber, which is evacuated by the Pfeiﬀer TPU
170 L/s turbomolecular pump 2 backed by a fore-vacuum pump. Helium-4
gas was introduced into the system through a calibrated helium leak attached
to the reaction chamber by the helium leak valve. In this measurements, the
helium leak valve was open at all times and the isolating valve was open for
evacuation and closed to stop evacuation of helium during accumulation. The
results from these measurements are shown in Fig. 6.16(a) and (b), where
(b) is the mass trend of 4He+ ions only in linear scale, whereas (a) shows the
mass trend of H+2 , H
+D+, 4He+, and 4He+H+ ions. The behavior of plot (b) is
interpreted as follows: the turbomolecular pump 1 was oﬀ with the isolating
valve open up till time A, from time A to B, the isolating valve was closed
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Figure 6.17: Schematic diagram showing the experimental setup with two of three
turbomolecular pumps connected in series before the helium concentrator chamber.
The third turbomolecular pump is used for evacuating the chamber backed by the
fore-vacuum pump.
but the turbomolecular pump 1 remained oﬀ, hence the 4He partial pressure
remained almost ﬂat. From point (B), the isolating valve was closed and
turbomolecular pump 1 was on, compressing the gas to the helium concentrator
chamber. From these results, it can be seen that an increase of 4He partial
pressure in the helium concentrator chamber depends on the pumping speed of
the turbomolecular pump. When the turbomolecular pump was switched oﬀ,
the partial pressure increases slowly, and when the turbomolecular pump was
switched on from time B, the partial pressure increased with a steeper slope.
At the time 200 s the maximum pumping speed of the turbomolecular to 4He
was reached and the partial pressure increased according to the accumulation
ratio of the calibrated helium leak. The 4He partial pressure decreased sharply
to the lower level as the turbomolecular pump was switched oﬀ at time C. A
compression factor 6 was achieved with this setup.
6.8.1.2 Compression of 4He with two turbomolecular pumps
The schematic diagram of experimental setup of two turbomolecular pumps
employed to compress 4He into a helium concentrator chamber is shown in
Fig. 6.17. These are turbomolecular pumps of diﬀerent sizes connected in
series to increase the compression factor. The bigger Leybold turbovac 361
L/s turbomolecular pump 1 was installed directly on the evacuation pipe, and
the exhaust was connected to the inlet of a high speed Leybold turbovac 50 L/s
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Figure 6.18: Gas pressure as a function of m/z compressed into the helium
concentrator chamber with one of the two (solid line), and a combination of the two
turbomolecular pumps (dashed line). The identification of the peaks is shown by the
symbols of the atoms or molecules individually.
turbomolecular pump 2. The exhaust of turbomolecular pump 2 was connected
to the inlet of helium concentrator chamber. This chamber was evacuated
through the isolating valve by the Pfeiﬀer TPU 170 L/s turbomolecular pump
3, backed by a fore-vacuum pump. The reason for two turbomulecular pumps
connected in series before the chamber, was to test two stage 4He compression
eﬃciency.
The measurements were performed in two cases: (1) with one of the two
turbomolecular pumps oﬀ, and (2) with both turbomolecular pumps on. The
results are presented in Fig. 6.18. It can be seen that when both turbomolec-
ular pumps were compressing the gas, the compression of 4He was a factor
two larger than that when compressing with one pump. Some of the other
gas molecules shown in the spectra did not beneﬁt from the compression of
gas. This is because the molecular sieve adsorbs them eﬃciently. Fig. 6.19
shows the partial pressure behavior of O2, and 4He. From time 10 to 30 s, the
isolating valve is open and the pressure of 4He is low at 2 × 10−8 arb. unit.
At time 30 s, the helium leak valve was open to allow helium to ﬂow into
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Figure 6.19: Gas pressure as a function of time compressed with two turbomolecu-
lar pumps. The partial pressure of 4He drops down when the turbomolecular pumps
1 and 2 were switched off between 10 and 30 s, and it increases as they were switched
on at time 30 s.
the vacuum system, but the isolating valve was closed for accumulation mode
and as a results, the partial pressure of 4He raised to reach saturation level
at 1 × 10−5 arb. unit in the helium concentrator chamber. It can be noticed
that a compression eﬀect of O2 was not adsorbed because these molecules are
adsorbed within the molecular sieve, and the partial pressure remained con-
stant. The limiting factor was the heat from the RGA ﬁlament, which caused
the out-gassing of the cryogenic trap inside the concentrator and increased the
total pressure of the gas in the vacuum system, so the longer the time spent
in accumulation mode, the greater the increase in total pressure. This defect
was addressed with a modiﬁcation of the cryogenic trap by reducing its size.
6.8.1.3 Compression of 4He with Roots belted pump
A positive-displacement compressor similar to the Roots Blower [Rit68] was
also employed during the compression test of 4He into the helium concentrator
chamber. A small and compact positive-displacement compressor, of which
the schematic diagram is shown in Fig. 6.20, was designed and constructed
especially for this research. The compressor consists of two aluminum rotors
rotating in opposite directions, with a cylindrical transparent rubber belt as
shown in Fig. 6.22 (top-left picture insert). The relative position of the rotors
is maintained by a pair of phasing gears, see Fig. 6.22 (top-left picture insert).
The body of the positive-displacement pump was made of a PVC material,
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Figure 6.20: The schematic diagram of a two-lobe positive-displacement gas
compressor. The gas enters in region (A), is pushed to region (B) and exits through
region (C).
and the bottom and top lids out of aluminum plate as shown in Fig. 6.22
(top-right picture insert).
It operates by compressing the gas with two pairs of lobes. The gas enters
through the inlet in region (A), is trapped in the pockets between the lobes
and the body of the pump (B), and is compressed into the exhaust (C). The
lobes remain in contact with the wall of the pump to prevent the gas from
leaking backwards to the inlet.
The schematic diagram of the experimental setup is shown in Fig. 6.21.
In the diagram, it can be seen that the calibrated helium leak was connected
to the system through a helium leak valve and the positive-displacement com-
pressor was compressing the gas to the helium concentrator chamber. The
helium concentrator chamber was evacuated by means of the Pfeiﬀer TPU 170
L/s turbomolecular pump backed with a fore-vacuum pump. The measure-
ments were performed as follows: the positive-displacement compressor was
compressing the residual gas to the helium concentrator chamber (direction A
to C, in the schematic diagram in Fig. 6.20), and from the helium concentra-
tor chamber to the evacuation pipe, (direction C to A). During the forward
compression, the backward leak was not expected. However, 4He was found
to back-stream through the narrow gaps between the belts and the body of
the pump and possibly in between the belts and the closing (bottom and top)
cover of the compressor. The partial pressure of 4He increases during forward
compression, into the helium concentrator chamber, and drops as the com-
pression stops. As seen in Fig. 6.23, a compression factor of about 1.5 was
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Figure 6.21: Schematic diagram of the experimental setup with a positive-
displacement compressor compressing the gas into the helium concentrator chamber,
and a turbomolecular pump evacuating the chamber with the fore-vacuum pump.
achieved. The partial pressure of 4He was supposed to remain constant with
termination of the compression. However, it was found to decay as a results
of 4He leakage. Fig. 6.24. This plot also presents the results of the reverse
compression. The 4He partial pressure sharply decreases as the rotors rotate
backward taking the residual gas from the helium concentrator chamber to the
evacuation pipe with a decompression factor of 1.6.
Out of these three tests, it was decided to employ an experimental setup
with one turbomolecular pump compressing the residual 4He because of the
following reasons: the volume of the vacuum system is smaller compared to
the other two experimental setups, the compression factor was better, and
unlike the experimental setup with a positive-displacement compressor, the
4He partial pressure was preserved in the helium concentrator chamber during
accumulation mode.
6.8.2 Observed 4He background in accumulation mode
Helium gas was introduced into the vacuum system from the calibrated helium
leak through the isolating leak valve, as discussed in section 6.8.1. However,
residual helium gas was observed with the RGA after the calibrated helium leak
was removed, and this was not anticipated. This 4He background appears when
running in accumulation mode. The turbomolecular pump compresses the gas
into the helium concentrator chamber when the isolating valve is closed. The
partial pressure of 4He increases by factor 5 on the mass trend spectrum. There
are several potential places where the helium gas could have been trapped and
stored in the vacuum system, namely, the Dewar, the cryogenic trap and/or
contamination from the natural occurrence of helium in air.
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Figure 6.22: An image of the experimental setup with the positive-displacement
compressor shown in the red circle. The top right insert picture shows the compressor
box opened, and at the top left insert shows the cylinders with transparent rubber
belt.
The Dewars, made of multi-layered insulation, could be trapping 4He when
it enters between the thin interstices. The spectra that show the gases present
in the vacuum system when the Dewar 2 valve is open, and the combination
of Dewar 1 and 2 are presented in Fig. 6.25(a) and (b), respectively. These
two Dewars can be seen in the setup shown in Fig. 6.21. In spectra (a) and
(b), the partial pressure of 4He was also found to increase when compared with
H4He. When the valves that isolate the Dewar 1 and 2 are open (b), there is a
larger increase of 4He partial pressure compared to when only one Dewar 2(a)
is used. This could imply that some 4He gas was trapped in the multi-layered
insulation of the Dewars.
The 4He background could also have a contribution from deuterium molec-
ular hydrogen. This is a naturally-occurring isotope of hydrogen and about
0.02% of hydrogen in nature is deuterium. Apart from natural occurrence in
air, molecular deuterium could be coming from the wall of the stainless steel
evacuation pipe or concentrator from the outgassing under high vacuum [Jia10]
and from water (D2O component).
The molecular sieve inside the cryogenic trap could also be trapping some
4He when it is chilled to a temperature of 77 K with liquid nitrogen. The tests
were performed in both current and accumulation modes using the calibrated
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Figure 6.23: The effect of forward compression can be seen by a rise of 4He
partial pressure as the positive-displacement compressor starts to compress 4He into
the helium concentrator chamber.
helium leak. The results are shown in Fig. 6.26. At the end of region (1) the
isolating leak valve was open for a short period of time and the partial pressure
increases sharply. The isolating valve 2 was open in region (2) to evacuate all
gases, hence the partial pressure of 4HeH, 4He and 3H dropped, except for 2H,
which dropped but increased again. When the gas is compressed, it is found
that the partial pressure increases, but reaches saturation levels in region (3).
The partial pressure was expected to increase linearly, but a saturation eﬀect
indicates that 4He is trapped somehow in the closed system.
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Figure 6.24: The effect of reverse compression can be seen by a drop of 4He partial
pressure as the positive-displacement compressor starts to compress 4He towards the
evacuation pipe.
Stellenbosch University   http://scholar.sun.ac.za
CHAPTER 6. DEVELOPMENT OF A HIGH FLUX NEUTRON DETECTION
SYSTEM 129
20 40 60 80 100
0
4x10-10
8x10-10
1x10-9
2x10-10
3x10-10
5x10-10
6x10-10
 
 
Time [s]
(b)
H4He
4He
 
 
P
re
ss
ur
e 
[a
rb
.u
ni
t]
(a)
H4He
4He
Figure 6.25: An increase in partial pressure of 4He was observed from (a) Dewar
2 and (b) both Dewar 1 and 2 (see Fig. 6.21).
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Figure 6.26: Measurements of 4He with calibrated helium leak, helium leak valve
is in region (1) closed and open in (2), accumulation mode in (3), evacuation of the
helium concentrator chamber in region (4).
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Experimental measurements
The test to show the proof of principle for the high ﬂux neutron detection
system was performed with high energy protons and neutrons in two separate
experimental measurements at the iThemba Laboratory for Accelerator Based
Science (iTL) at Faure, South Africa. This is a national facility that produces
particle beams by means of accelerator for basic nuclear and material research
and medical therapy purposes. As shown in Fig. 7.1, the facility consists of
the Electron Cyclotron Resonance (ECR) source, Solid Pole Cyclotron (SPC)
1 and 2, and Separated Sector Cyclotron (SSC), which can accelerate protons
up to 200 MeV onto a ﬁxed target for the production of secondary beams such
as neutrons. The particle beam can be delivered to the experimental (A, D,
F and K-lines), radiotherapy and radioisotope vaults. In the present work,
the proton beam was delivered to the D-line (neutron) experimental vault for
proton beam measurements, and also to the neutron therapy vault, where the
test of fast the neutron detection was performed.
The measurements with proton beams were performed ﬁrst because of the
availability of high-intensity proton beam compared to the lower intensity sec-
ondary neutron beam. This means that there are more protons per second
bombarding the reaction chamber, hence a large production of helium atoms.
Also, the proton inelastic scattering cross-section with 12C atoms is similar to
that of neutrons, with a threshold energy of about 8 MeV for both.
7.1 High energy proton beam measurements
The experiment with the high energy proton beam was performed in the D-
line neutron experimental vault. As shown in Fig. 7.2, the D-line consists of a
target chamber, a beam deﬂection magnet, a beam dump equipped with beam
centering and current-integration equipment, a shielding wall and collimation
channels for the low neutron ﬂux measurements. After the target chamber,
there is a bending magnet that is designed to bend up to 200 MeV protons and
other charged particles into the beam stop at 15◦ with respect to the incident
130
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Figure 7.1: The schematic diagram of the iThemba LABS cyclotron facility, which
consists of the ECR source, SPC 1 and 2, and the SSC, which can accelerate protons
up to 200 MeV to the experimental (A, D, F and K-line), radiotherapy and isotope
production vaults.
beam direction. The beam stop is ﬁtted with a Faraday cup, which is used to
collect the charge for beam current measurements.
7.1.1 Experimental procedure
The layout of a high ﬂux neutron detection system inside the D-line experi-
mental vault is shown in Fig. 7.2. The aim of this experiment was to produce a
large number of helium atoms from the 1 kg graphite and determine the capa-
bility of the system in measuring high-incident ﬂux. Also to obtain important
information regarding the diﬀusion speed of 4He atoms from the break-up re-
action through graphite powder with a 5 µm grain size. Hence, the use of high
ﬂux 66 MeV proton beams to induce the break-up reactions in 12C.
The experimental setup is depicted in the schematic shown in Fig. 7.2.
The proton beam was focused onto the reaction chamber ﬁlled with graphite
material placed at θ = 0◦ along the beam axis, (4), where the 12C(p,p’α)9Be
and 12C(p,p’3α) reactions occurred. On the schematic diagram, the RGA is
placed at the opposite side of the pipe surrounded by a cryogenic trap. This
position is preferred because the impurities ﬂowing with 4He are trapped by
the cryogenic trap and the pressure of the residual gas is measured with the
RGA. The combination of turbomolecular pump (7) and backing pump (8)
were employed to evacuate the gas from the vacuum system. As seen in the
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Figure 7.2: Schematic diagram of the high flux neutron detection system setup
at iThemba LABS D-line experimental vault.
diagram, the evacuation pipe was bent around the chicane and borated wax
bricks were placed to protect the RGA from the direct irradiation, and hence
reduce the radiation dose.
7.1.2 Reaction rate of 12C with high energy protons
Calculations to determine the production of α-particles with a 66 MeV pro-
ton beam of varying intensity were performed using the cross-section library
[NDS11] and the energy loss proﬁle from the SRIM code developed by Ziegler
et al. [Zie08]. The graphite was discretized into discs of 1 cm thickness in order
to obtain an estimate of the reaction rate induced by high energy protons as
they interact with the carbon atoms in the graphite. The SRIM code was used
to calculate the energy loss of 66 MeV protons per cm of graphite in order
to determine the actual stopping range in graphite powder with a density of
0.2 g·cm3. For each thickness, the average energy of the transmitted protons
and the corresponding cross-section value (taken from Fig. 7.3) were used to
calculate the reaction rate within the sample. The protons were found to stop
at an average distance of 18 cm inside the graphite powder. The reaction rate
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Figure 7.3: Total cross-section for 12C(n,xα) reaction with the average cross-
section for the 66 MeV proton beam shown in dotted line, data from [NDS11]
is calculated using the general expression
Rrate(E) =
∫ 66
7
σinel(E)× Iproton(E)×NtdE, (7.1)
where Rrate(E), the number of α-particles produced per second, is the integral
of the product of the number of graphite atoms per cm2 Nt, the reaction cross-
section σ and the proton beam current over all energies Iproton(E). The limits of
integration are set to 7 MeV which is the energy threshold for the α production
break-up reaction and 66 MeV was the maximum energy of the proton beam.
The general expression of the reaction rate is a crude approximation, as the ﬂux
of particles is considered constant from incident energy to below the threshold
energy. In the experiment, some protons were lost as they underwent scattering
or reactions with materials before they reached the distance of 18 cm into the
graphite. The results of these calculations are shown in Table 7.1, and the
quantity of 4He atoms produced is about 6× 108 4He/nA.
7.1.3 Results of the measurements for high energy
proton beam
The sensitivity of the high ﬂux neutron detection system was determined by
varying proton beam intensities incident on the reaction chamber. The beam
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Table 7.1: The expected reaction rates for the production of 4He atoms.
Proton beam current (nA) Number of protons/s Reaction rate (4He/s)
50 3.1× 1011 2.9× 1010
75 4.7× 1011 4.4× 1010
100 6.2× 1011 5.9× 1010
150 9.4× 1011 8.8× 1010
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Figure 7.4: The partial pressure of 4He increases to about 6×1010 arb. unit while
O2 and N2 remain constant when a 50 nA proton beam intensity incident on the
reaction chamber filled with graphite.
current was increased in four steps, from 50 to 150 nA and at each step, the
beam current was stabilized and the response of the detection system was
observed through the relative increase of 4He partial pressure in the vacuum
system. The partial pressures for diﬀerent gases, measured for the minimum 50
nA and the maximum 150 nA proton beam intensity, are shown in Fig. 7.4 and
7.5 respectively. In Fig. 7.4, it can be seen that the response of the detector is
practically immediate, with a rise time of approximately 3 s for 4He, while the
partial pressures of other gases remain constant. Once the beam is switched oﬀ,
the partial pressure of 4He drops exponentially. This non-immediate response
is caused by 4He atoms trapped by the molecular sieve, as well as possibly the
slow diﬀusion through the graphite particles. A similar response is also seen in
Fig. 7.5. However, now the partial pressure of N2 increases slightly during the
beam-on period, while O2 decreases. This increase is thought to be due to the
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Figure 7.5: The partial pressure of 4He increased to 1.1 × 10−9 arb. unit when
the proton beam intensity was increased to 150 nA. The background level after the
beam-off period has increased due to 4He trapped within the graphite grains and
slowly diffusing out to the RGA.
out-gassing of graphite as the partial pressure is increasing gradually, which
is believed to be related to the energy of about 6.6 J·s−1 deposited by the
protons in the form of heat in the graphite. The high ﬂux neutron detection
system is sensitive to an increase in the intensity of the incident proton beam.
The partial pressures of 4He for all the various proton beam intensities are
presented in Fig. 7.6. From the plot it can be seen that the production of
4He atoms is proportional to the incident proton beam current. However, the
background level after the beam-oﬀ period increases with an increase in beam
intensity due to the slow diﬀusion of 4He through the graphite particles
From helium diﬀusion test with the helium calibrated leak, we deduced the
number of 4He atoms that could have been produced in the reaction chamber
with the proton beam, as shown in Table 7.2, column 3. In this calculation,
the response of the detector is found to be linear but the deduced number of
4He atoms produced per second is almost one order of magnitude lower than
the expected values shown in Table 7.1. Fig 7.7 shows the expected yield
and the measured yield plotted in one axis. The loss of 4He could be due to
the molecular sieve trapping 4He and the slow diﬀusion through the graphite
particles. But, the protons also lose energy as they attenuate through the 5
mm thick plate of the graphite container and the graphite powder. Once the
energy of the protons falls below the threshold energy of 8 MeV, they will
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Figure 7.6: The different levels of 4He partial pressure that were observed when
the beam intensity was increased from 50 nA to 150 nA. The trapping of 4He atoms
in the graphite causes the exponential decay trend when the beam was switched off.
Table 7.2: The average pressure of 4He increased directly proportionally to the
proton beam intensity.
Beam current (nA) 4He partial pressure [arb. unit] Reaction rate (4He/s)
50 6.9× 10−10 ± 8× 10−11 1.6× 109
75 8.7× 10−10 ± 9× 10−11 3.2× 109
100 1.2× 10−9 ± 1× 10−10 4.3× 109
150 1.7× 10−9 ± 2× 10−10 6.4× 109
not produce α-particles in their interactions with 12C atoms. This reduces
the number of protons that will reach a distance of 18 cm into the graphite
powder (as assumed in the calculation) as well as the production of α-particles.
Another factor could be that the cross-sectional data used in the model are
possibly not accurate.
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Figure 7.7: The expected and measured yields of 4He atoms.
7.2 Fast neutron beam measurements
The fast neutron measurements were performed at the iThemba LABS neu-
tron therapy vault [Jon88]. This neutron therapy vault consists of an isocentric
gantry that can rotate through an angle of θ = ±185◦. An isocentric gantry
refers to the design technique where all beams used from various angles, have
a common focus point. The gantry consists of a beam collimator, which has
a continuously variable aperture, providing rectangular ﬁeld sizes from 5 × 5
cm2 to 30× 30 cm2. The collimator consists of ﬁve layers of four interlocking
blocks of iron and borated polyethylene, geared to provide a tapered aperture.
The neutron-producing target is at a distance of 150 cm from the collima-
tor. Neutrons are produced by bombarding a 19.6 mm thick copper-backed
Be target with a 66 MeV proton beam of intensity 32µA which represents
2× 1014 protons per second. This Be target is water cooled to avoid melting
of the material as approximately 2.2 × 103 J/s of energy is deposited by the
proton beam. The energy loss of the protons on the Be target is 40 MeV
[Jon92] and the neutron yield is about 2.6× 1012 n/s, with an average energy
of 33 MeV.
7.2.1 Experimental procedure
The graphite reaction chamber, with a radius of 5 cm and a length of 60 cm
was placed at a distance of 150 cm from the Be target exposed to the beam
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Figure 7.8: The neutron detector setup placed in front of the neutron therapy
gantry at iThemba LABS.
and at θ = 0◦ along the neutron beam axis, as shown in Fig. 7.8. The gantry
rotation angle was set to 270◦ to provide a horizontal beam, and the beam
collimator was opened to an aperture of 30× 30 cm2. The neutron yield over
the front surface of the reaction chamber was about 1.1×1010 n/s [Jon88]. The
vacuum pumps, together with the RGA, were on the left side of the gantry,
shielded with polyethylene blocks to avoid the fast neutrons causing single
event upsets or damaging the electronics.
7.2.2 Results of the measurements for fast neutron
beam
As shown in the neutron spectrum in Fig. 7.9, the secondary neutrons had
enough energy to induce the break-up of 12C into 4He nuclei, and the expected
number of 4He atoms produced was about 4 × 109 4He atoms/s. Helium-4
atoms produced in the 12C(n,n′α)8Be and 12C(n,n′)3α reactions were measured
in both current and accumulation mode. Shown in Fig. 7.10 is the mass trend
spectrum of gas species present in the vacuum system and produced during
the beam-on period in current mode. Each data point is obtained for a time
integration of 6 s to obtain better statistics. A closer view of the 4He plot
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Figure 7.9: The region of overlap between the total 12C(n,xα) reaction cross-
section for the fast neutron detector and neutron beam provided by iThemba LABS
neutron therapy, data from [NNDC, Jon92].
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Figure 7.10: The measured pressure of some of the gas species in the vacuum
system.
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Figure 7.11: The partial pressure of 4He increases during a beam-on period.
(C), shown in Fig. 7.10, which is of interest to these measurements, is shown
in Fig. 7.11. A prompt increase in 4He partial pressure can be seen from
time 49 s, when the beam was switched on, to 243 s when it was switched oﬀ.
The average increase in the partial pressure of 4He was 2.900 ± 0.071 × 10−9
arb. unit. The number of 4He atoms created during the beam-on period was
1.1× 108 4He/s, which is ten times less than with the proton beam.
During the accumulation mode, as seen in Fig. 7.12, the partial pressure
of 4He increased almost linearly, whereas the partial pressure of HD decreased
slightly. A data analysis of the 4He plot was performed with the help of the
Diﬀrac-plus software package from Bruker Axs for diﬀraction data analysis
[Bru11]. The background was subtracted using the Bezier function to ﬁt data
of arbitrary curvature. Fig. 7.13 shows the spectrum after the background
was subtracted. This represents the 4He atoms produced during the beam-on
period in the accumulation mode. Through the diﬀerentiation and smoothing
of this data, a signiﬁcant increase in the 4He partial pressure from time 270
to 378 s is shown in Fig. 7.14. An average increase in partial pressure of
(5.80± 0.44)× 10−10 arb. unit from time 276 to 373 s represents a production
of about 2.6 × 109 4He/s. The objectives of the accumulation mode was to
enhance the 4He partial pressure when the production is low as a result of a
low neutron ﬂux incident on the reaction chamber. Looking at the results from
these two modes, it can be noticed that the partial pressure of 4He measured
in accumulation mode is signiﬁcantly higher when compared with the current
mode for the same neutron ﬂux.
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Figure 7.12: An example of the increase in 4He partial pressure during accumu-
lation mode while HD is decreasing.
7.3 The slow neutron detection system
The 6Li conversion material is sensitive to slow neutrons and is placed inside
the reaction chamber in a high ﬂux neutron detection system for the slow neu-
tron measurements. The slow neutrons are measured through the 6Li(n,α)3H
reaction. As discussed earlier in Chapter 5, section 5.1.1.2, 6Li is widely used
for slow neutron detection because of the large absorption cross-section. The
reaction chamber shown in Fig 7.15 is a leak-tight stainless steel container,
4 cm long and 6 cm in diameter. This chamber could contain neutron-reactive
material such as liquid 6Li, LiF or 10B material for the conversion of slow neu-
trons into 4He atoms. The dish shown in Fig 7.15(2) is made of aluminum
and is designed to hold 10 g of liquid lithium. The enriched lithium material
with 95% 6Li was supplied by Cambridge Isotopes [Cam10] in the form of a
solid 10 g chunk. It was expected that the diﬀusion of 4He in this solid chunk
would be slow, hence the design of the reaction chamber includes a copper
heating rod to melt the lithium under vacuum. Due to thermal isolation and
the presence of a vacuum heat loss from the dish to the environment is limited.
Indirect heating via the copper rod is thus suﬃcient to melt the lithium. In
this design, the open top ﬂange will connect to the evacuation pipe to allow
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Figure 7.13: Background corrected spectrum of 4He acquired in accumulation
mode when the beam was switched on.
the reaction products to ﬂow to the RGA during operation.
The slow neutron measurements require a neutron ﬂux energy distribution
that overlaps with the cross-section proﬁle of 6Li to achieve high sensitivity.
The neutron beam should be at least 1010 n·s−1 to obtain an equivalent 4He sig-
nal comparable to the previous test experiment results. The fast neutron beam
from iThemba LABS would require a moderator to slow down the neutrons
to have a proﬁle that overlaps with the cross-section proﬁle of 6Li. However,
some neutrons are absorbed or scattered and, as a result, the neutron inten-
sity is reduced during neutron moderation. The 4He atoms created from the
resulting small beam intensity will be below the detection limit of the RGA.
Necsa hosts a research reactor with beam ports that run from the core to the
experimental room. This reactor produces a low energy neutron ﬂux of about
1010n·cm−2·s−1. This could be an ideal place to perform the test measurements
of a high ﬂux neutron detection system with slow neutron ﬂux.
Since the experimental setup of the high ﬂux neutron detection system
remains the same irrespective of the neutron conversion material used to de-
tect slow or fast neutrons, the response of the system is expected to be the
same provided there is a suﬃcient ﬂux of thermal neutrons incident on the
reaction chamber. The expected reaction rate from the slow neutron detec-
tion is calculated using the slow neutron ﬂux proﬁle obtained from the MCNP
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Figure 7.14: Through differentiation of the background subtracted data and
smoothing, an increase in the 4He partial pressure during the beam on period in the
accumulation mode of operation is clearly revealed.
simulation, discussed earlier in the Chapter 3.3, and the cross-section proﬁle
of 6Li material, which is intended to be used for slow neutron conversion.
The neutron-induced break-up reaction rate of slow neutron ﬂux with the 6Li
cross-section have been performed and the results are presented in the next
section.
7.3.1 Techniques of monitoring in-core temperature
The peak of the slow neutron ﬂux (see section 3.6) was found to shift to higher
energies as the temperature of the fuel increased. The temperature eﬀect
can be obtained by measuring the slow and fast neutron ﬂux using a high
ﬂux neutron detection system. The neutron conversion material sensitive to
slow and fast neutrons are placed in diﬀerent reaction chambers. The neutron-
induced break-up reaction rate in the slow neutron detector will change because
of the distribution shift of lower energy neutrons to high energies. Fig. 7.16
shows the region of overlap between the 6Li(n,α)3H reaction cross-section in
the detector, and the slow neutron ﬂux proﬁle. The quantity of 6Li material is
10 g, which represents about 1.0×1024 target atoms. The 6Li(n,α)3H reaction
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Figure 7.15: A schematic diagram of the lithium reaction chamber, label (1) long
heating pipe, (2) lithium holder container, (3) vacuum flange. The heating is done
from outside in order to avoid overheating the wires.
rate R in the detector is calculated using the expression
R(t) = Ni(t)φ1(t)×
∫ ∞
0
f1(E, T )σ(E)dE, (7.2)
where Ni(t) is the number of remaining 6Li atoms as a function of time, φ1(t)
is the component level for slow neutrons, and f1(E, T ) is the slow neutron
spectrum function which varies with energy E and temperature T , and σ(E)
is the microscopic cross-section. Table 7.3 presents the calculated reaction
rate results, which show that the reaction rate is decreasing with an increase
in temperature of the fuel. This is due to the fact that, as the lower energy
neutron ﬂux shifts to higher energies, the 6Li cross-section is decreasing with
a 1/v slope, where v is the neutron velocity. At the higher temperatures, for
example 1200 K, the peak of the slow neutron ﬂux becomes narrower, and this
reduces the region of overlap between the cross-section and the slow neutron
ﬂux, which results in less production of 4He nuclei. β The observation of
this change of reaction rate with the high ﬂux neutron detection system can
be related to the change of temperature of the fuel. However, in order to
obtain the total neutron ﬂux in the core, the reaction rate has to be corrected
by multiplying with a factor that compensates for the decrease of the cross-
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Figure 7.16: Convolution of slow neutron flux (solid-line) with 6Li(n, α)3H cross-
sectional data (dash-line). The area of overlap between the flux and the cross-section
can be seen, and the cross-section reduces sharply following the 1/v law, data from
[NNDC].
Table 7.3: Reaction rates in the slow neutron flux energy region.
Medium temperature (K) Slow neutron ﬂux (n·cm−2·s−1) Reaction rate (4He/s)
300 2.29× 105 1.38× 108
600 2.54× 105 1.32× 108
900 2.71× 105 1.27× 108
1200 3.12× 105 1.23× 108
section. It would be ideal to use a cross-section that deviates from the 1/v
trend in slow energy range such as 176Lu [Gei65].
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The neutron energy spectra of the PBMR reactor operating at temperatures
presented in Table 3.2 were simulated using the deterministic neutron trans-
port method by Zamonsky et al. [Zam10]. The peaks of the low energy neutron
spectra, En < 1.2 eV, with a shape similar to a Maxwell-Boltzmann distribu-
tion, were found to shift to higher energies and increase in ﬂux (Fig 3.7), while
the fast neutrons, En > 1.2 eV, represented by Watt spectra remained rela-
tively constant. The present simulations performed with the stochastic neutron
transport method also gave similar results. This conﬁrmed the general behav-
ior of spectrum hardening in the HTGR type reactor as the fuel temperature
increases. The diﬀerence between the energy spectra is in the intermediate en-
ergy region due to the diﬀerence in the cross-sectional data on the two neutron
transport codes used. In this energy region, as seen in Fig. 3.7, the Doppler
eﬀect was found to be increasing as the temperature of the fuel increased. This
eﬀect enhances the neutron capture at the epithermal energy region causing a
decrease in the ﬂux before being thermalized, hence reducing the rate of the
235U ﬁssion chain reaction. The ﬁtting of the slow neutron spectra at diﬀerent
temperatures and the determination of the eﬀective neutron temperature Tn
was performed with a modiﬁed Maxwell-Boltzmann distribution
φ(E) =
2πn(~r)
(πkTn)3/2
(
2
m
)1/2
EC exp(−E/kT ), (8.1)
where the parameterization of the exponent C accounts for the 1/v dependence
of the radiative neutron capture, leakage into and out of the core, and a neutron
source. Geiger et al. [Gei65] also pointed out that when a system with neutrons
emitted from a source, absorbed within the medium or leaking out of the
system, the low energy neutron spectrum deviates from Maxwell-Boltzmann
distribution and that the Tn is found to be above the medium temperatures
Tm. As seen in Table 3.3, the results of the ﬁt shows that Tn is found to be
above the Tm. An increase of Tn above the Tm is caused by the incomplete
thermal equilibrium and is proportional to the ratio of intermediate to slow
neutron ﬂux density. This is consistent with the results from the experiment
146
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performed by Lui et al. [Liu01] and Su et al. [Su70]. Since the neutron energy
spectrum was divided into two energy regions, slow and fast neutron spectra,
the ratio of fast to slow neutrons was found to be rapidly decreasing with an
increase in temperature.
The diﬀerence in the neutron ﬂux proﬁle, shown in Fig. 3.12 and 3.13,
from within the core to the RPV provided the insights to where the high
ﬂux neutron detection system must be placed in the PBMR reactor or any
other HTGR reactor in order to obtain the accurate measurements of slow
and fast neutron ﬂux in the core. If the system is placed outside the RPV,
the slow neutron ﬂuxes that will be measured are not directly from the core;
fast neutrons are moderated by the graphite and other materials and enter the
energy region of the slow neutron ﬂux. The slow neutrons were depleted as
they leak outside the core, hence the total ﬂux within the RPV is less than in
the core. The temperature of the core will be underestimated if determined
from the neutron ﬂux in the RPV. Hence, it is recommended that the detector
system be integrated into the design of the reactor and placed in the core and
not outside.
A high neutron ﬂux detection system was developed and the principle of
detection was conﬁrmed. It was proven that a highly sensitive RGA which
quantiﬁes the residual gas under high vacuum can be implemented in the
measurements of neutron ﬂuxes. The high vacuum was achieved by the com-
bination of turbomolecular, fore-vacuum pumps and cryogenic traps. The
cryogenic traps were designed to essentially ﬁlter the residual gas by freezing
and adsorption of the impurities in the system before characterization with
the RGA. The cryogenic trap contained 5 Å molecular sieve pellets which op-
erate eﬀectively when chilled to liguid nitrogen temperature (77 K). Several
reports are published [Bek03, Bew76] regarding the use of this type of sieve in
removing eﬃciently other molecules such as hydrogen from the helium ﬂow at
a low temperature around 20 K.
The uncalibrated scale or the use of arbitrary units did not aﬀect the 4He
measurements. What was important was to observe the relative increase in
the partial pressure in order to deduce the quantity of 4He atoms produced
from the in-beam reactions with the high energy protons and fast neutrons.
High energy proton and fast neutron beam measurements were performed
at the iThemba LABS facility in the D-line experimental and neutron therapy
vaults respectively. The increase of the partial pressure of 4He was observed
and compared to the expected quantity of 4He atoms created from neutron
and proton induced reactions. These 66 MeV proton beam measurements were
performed at diﬀerent beam intensities from 50 nA to 150 nA. The response
of the high ﬂux neutron detection system during irradiation in the form of a
sharp increase of 4He atoms resulting from the break-up of 12C nuclei. We
found that as the beam intensity increased the 4He partial pressure increased
linearly. That is, the response of the detector is directly proportional to the
intensity of the incident beam. The measurements were performed in real-
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time with a rise time of a few seconds after the start of the irradiation. During
the beam-on period, at 50 nA the partial pressure of 4He remained relatively
stable, but for larger intensities of 75 to 150 nA, the 4He partial pressure
increased steadily. This increase is believed to reduce exponentially and reach
equilibrium when the rate of 4He gas released through diﬀusion of the 4He
trapped within the graphite particles and eﬀusion through the cryogenic traps
equals to the number of 4He nuclei produced per second. This is a defect in the
present setup and should be addressed by increasing the temperature of the
graphite material for faster diﬀusion/eﬀusion 4He whilst maintaining trapping
of unwanted gas species.
Fast neutron measurements with neutron beam of 1010 n/s were performed.
The partial pressure of 4He was observed in both current and accumulation
modes. The response of the high ﬂux neutron detection system with such
neutron beam intensity was comparable to the 66 MeV proton beam measure-
ments. There was a sharp increase at the start of the irradiation and sharp
decrease as the irradiation stopped. The loss of 4He partial partial pressure in
the vacuum system was observed by comparing the experimental values with
the expected values and attributed to the trapping of the gas in the molecular
sieve. There was also an inevitable 4He background in the vacuum system sus-
pected to originate from 4He atoms trapped within the cryogenic trap and the
walls of the vacuum system eﬀusing slowly with time. The trapping within the
cryogenic trap is probably not due to adsorption as previous studies showed
that this gas requires much lower temperature as low as 4.2 K to be eﬃciently
adsorbed as compared to H2 molecules. Trapping and subsequent eﬀusion
must therefore be due to a more physical conﬁnement mechanism. Such back-
ground was observed with partial pressures in current mode at the limit of the
sensitivity of the RGA stipulated in the user’s manual [Ext11] to be in the
order of 10−14 mbar. It was best seen in accumulation mode where the Helium
partial pressure increases while the other gas species are trapped within the
molecular sieve and the total pressure remains fairly constant.
The deconvolution calculations of the distorted Maxwell-Boltzmann dis-
tribution (slow neutron ﬂux proﬁle) with the 6Li cross-section proﬁle, in Fig.
7.16, have been performed. The results presented in Table 7.3 shows that the
6Li(n,α)3He reaction rate decreases as the spectrum shifts to higher neutron
energies, which is as a result of the 1/v slope of the cross-section. Within a re-
actor environment, the decrease of the reaction rate of slow neutrons with 6Li
material could be caused by the decrease in the region of overlap between the
neutron ﬂux proﬁle and the reaction cross-section as the temperature increases.
Therefore the temperature of the moderating material must be known to cor-
rect for this eﬀect and deduce correctly the slow neutron ﬂux. Thus, with
the slow neutron detection system, the neutron temperature change can be
monitored if the temperature of the moderator is known.
A neutron detection system that uses a unique technique of measuring the
reaction products from neutron-induced events was developed. It is designed
Stellenbosch University   http://scholar.sun.ac.za
CHAPTER 8. SUMMARY 149
to be insensitive to γ-rays, and is able to perform real time and energy sensitive
measurements of high ﬂuxes of neutrons in a nuclear reactor environment. The
inherent robustness of the sensitive part of the detector material can withstand
the extremely harsh conditions associated with the nuclear reactors and last
for period of times comparable to the life-time of the reactor. The results from
fast neutron measurements performed at iThemba LABS facility demonstrated
the proof of principle. The insensitivity of the neutron detector is mostly due
to a much lower cross-section of photodissociation of 6Li and 12C nuclei as
compared to neutron induced break-up reactions. The other components which
were developed to improve the test measurements managed to produce positive
results even though they require some future improvements for the optimal
neutron ﬂux measurements. These are the cryogenic trap, which reduced the
total pressure in the vacuum system by two orders of magnitude within a short
time, and the accumulation mode, which increases the concentration of helium
in a small chamber.
Future work; it is planned to carry out a lower energy neutron ﬂux mea-
surement at Necsa to conﬁrm the capability of the high ﬂux neutron detection
system in measuring ﬂuxes of low energy neutrons.
Finally, we can conclude that the high ﬂux neutron detection system can
be used in the future to monitor the neutron ﬂux in various energy regions
in the HTGR reactor. This can be performed by measuring the slow and fast
neutron ﬂux with the 6Li and 12C placed in the reaction chamber separately,
and observe the expected decrease in ratio of fast neutron to slow neutrons as
the temperature of the fuel increases. The dimensional size of the high ﬂux
neutron detection system can be adjusted to ﬁt into the space available in the
core.
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The geometry and fuel speciﬁcations of the generic HTGR reactor input ﬁle to
the MCNP code. This is one of the input ﬁles that simulates the reactor at dif-
ferent temperatures, to observe the change in the neutron energy distribution
as the fuel temperature change.
c Cell Cards
c
101 2 7.086e-2 -101 u=50 imp:n=1 tmp=1.03e-7 \$ uranium oxycarbide region
102 1 5.0147e-2 101 -102 u=50 imp:n=1 tmp=1.03e-7 \$ porous carbon buffer
103 3 9.5279e-2 102 -103 u=50 imp:n=1 tmp=1.03e-7 \$ inner pyrolytic carbon
104 4 9.6136e-2 103 -104 u=50 imp:n=1 tmp=1.03e-7 \$ silicon carbide region
105 5 9.5279e-2 104 -105 u=50 imp:n=1 tmp=1.03e-7 \$ outer pyrolytic carbon
106 6 -1.7 105 u=50 imp:n=1 tmp=1.03e-7 \$ graphite matrix
c
200 6 -1.7 -200 lat=1 u=40 imp:n=1 tmp=1.03e-7 fill= -7:7 -7:7 0:0
40 40 40 40 40 40 40 40 40 40 40 40 40 40 40
40 40 40 40 40 40 40 50 40 40 40 40 40 40 40
40 40 40 40 50 50 50 50 50 50 50 40 40 40 40
40 40 40 50 50 50 50 50 50 50 50 50 40 40 40
40 40 50 50 50 50 50 50 50 50 50 50 50 40 40
40 40 50 50 50 50 50 50 50 50 50 50 50 40 40
40 40 50 50 50 50 50 50 50 50 50 50 50 40 40
40 50 50 50 50 50 50 50 50 50 50 50 50 50 40
40 40 50 50 50 50 50 50 50 50 50 50 50 40 40
40 40 50 50 50 50 50 50 50 50 50 50 50 40 40
40 40 50 50 50 50 50 50 50 50 50 50 50 40 40
40 40 40 50 50 50 50 50 50 50 50 50 40 40 40
40 40 40 40 50 50 50 50 50 50 50 40 40 40 40
40 40 40 40 40 40 40 50 40 40 40 40 40 40 40
40 40 40 40 40 40 40 40 40 40 40 40 40 40 40
201 0 -201 lat=1 fill=40 imp:n=1 u=41 tmp=1.03e-7 fit 15 \$ cubic region
c
300 0 -300 fill=41 u=5 imp:n=1 tmp=1.03e-7 \$ fuel compact region
c
301 0 300 -301 u=5 imp:n=1 tmp=1.03e-7 \$ void outside fuel pin
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302 7 8.725580e-2 301 u=5 imp:n=1 tmp=1.03e-7 \$ grphite wall
c
400 0 -400 u=6 imp:n=1 tmp=9.2e-8 \$ larger coolant hole
401 7 8.725580e-2 400 u=6 imp:n=1 tmp=1.03e-7 \$ graphite wall
c
500 7 8.725580e-2 -501 502 -503 504 -505 506 tmp=1.03e-7 lat=2 u=4 imp:n=1
fill=-11:11 -11:11 0:0
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
4 4 4 4 4 4 4 4 4 4 4 5 5 6 5 5 6 5 5 6 5 5 4
4 4 4 4 4 4 4 4 4 4 5 6 5 5 6 5 5 6 5 5 6 5 4
4 4 4 4 4 4 4 4 4 6 5 5 6 5 5 6 5 5 6 5 5 6 4
4 4 4 4 4 4 4 4 5 5 6 5 5 6 5 5 6 5 5 6 5 5 4
4 4 4 4 4 4 4 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 4
4 4 4 4 4 4 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 4
4 4 4 4 4 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 4
4 4 4 4 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 4
4 4 4 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 4
4 4 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 4
4 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 4
4 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 4 4
4 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 4 4 4
4 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 4 4 4 4
4 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 4 4 4 4 4
4 6 5 5 6 5 5 6 5 5 6 5 5 6 5 5 6 4 4 4 4 4 4
4 5 6 5 5 6 5 5 6 5 5 6 5 5 6 5 4 4 4 4 4 4 4
4 5 5 6 5 5 6 5 5 6 5 5 6 5 5 4 4 4 4 4 4 4 4
4 6 5 5 6 5 5 6 5 5 6 5 5 6 4 4 4 4 4 4 4 4 4
4 5 6 5 5 6 5 5 6 5 5 6 5 4 4 4 4 4 4 4 4 4 4
4 5 5 6 5 5 6 5 5 6 5 5 4 4 4 4 4 4 4 4 4 4 4
4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
c
601 0 -601 *fill=4 (0 0 0 30 120 90 60 30 90 90 90 0) u=3 tmp=1.0e-7 imp:n=1
602 8 8.725580e-2 -602 u=3 imp:n=1 tmp=1.024e-7 \$ top reflector column
603 8 8.725580e-2 -603 u=3 imp:n=1 tmp=1.024e-7 \$ bottom reflector
604 0 601 #602 #603 u=3 imp:n=1 tmp=1.024e-7 \$ void outside column
c
700 9 8.725580e-2 -700 u=2 imp:n=1 tmp=1.024e-7 \$ replaceable reflector
701 0 700 u=2 imp:n=1 tmp=1.024e-7 \$ void outside the
c
800 0 -800 u=2 lat=2 imp:n=1 tmp=1.024e-7 fill=3 fill=-11:11 -11:11 0:0
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
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2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 2 2 2 2
2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 2 2 2 2
2 2 2 2 2 2 2 2 3 3 3 2 2 2 2 2 3 3 3 2 2 2 2
2 2 2 2 2 2 2 3 3 3 2 2 2 2 2 2 3 3 3 2 2 2 2
2 2 2 2 2 2 3 3 3 2 2 2 2 2 2 2 3 3 3 2 2 2 2
2 2 2 2 2 3 3 3 2 2 2 2 2 2 2 2 3 3 3 2 2 2 2
2 2 2 2 2 3 3 2 2 2 2 2 2 2 2 2 3 3 2 2 2 2 2
2 2 2 2 3 3 3 2 2 2 2 2 2 2 2 3 3 3 2 2 2 2 2
2 2 2 2 3 3 3 2 2 2 2 2 2 2 3 3 3 2 2 2 2 2 2
2 2 2 2 3 3 3 2 2 2 2 2 2 3 3 3 2 2 2 2 2 2 2
2 2 2 2 3 3 3 2 2 2 2 2 3 3 3 2 2 2 2 2 2 2 2
2 2 2 2 3 3 3 3 3 3 3 3 3 3 2 2 2 2 2 2 2 2 2
2 2 2 2 3 3 3 3 3 3 3 3 3 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 3 3 3 3 3 3 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
c
900 0 -900 fill=2 imp:n=1 tmp=9.482e-8 \$ reactor core
901 10 -7.6 900 -901 tmp=9.482e-8 imp:n=1 \$ outside the core
902 11 -7.8 901 -902 tmp=9.482e-8 imp:n=1
903 0 902 -903 tmp=9.482e-8 imp:n=1
904 0 903 imp:n=0
c
c Surface Cards
c
101 so 0.0175 \$ uranium oxycarbide surface
102 so 0.0275 \$ porous carbon buffer surface
103 so 0.0315 \$ inner pyrolytic carbon surface
104 so 0.0350 \$ silicon carbide surface
105 so 0.0390 \$ outer pyrolytic carbon
c
200 rpp -0.04755 0.04755 -0.04755 0.04755 -0.04755 0.04755
201 rpp -0.71325 0.71325 -0.71325 0.71325 -0.04755 0.04755
c
300 cz 0.6225 \$ fuel compact cylinder surface
301 cz 0.635 \$ gap surface outside the fuel compacts
c
400 cz 0.432 \$ largercylinder coolant hole surf
c
501 px 0.9398
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502 px -0.9398
503 p 1 1.7320508076 0 1.8796
504 p 1 1.7320508076 0 -1.8796
505 p -1 1.7320508076 0 1.8796
506 p -1 1.7320508076 0 -1.8796
c
601 hex 0 0 79.3 0 0 793 17.9985 0 0 \$ hexagonal fuel surf
602 hex 0 0 872.3 0 0 79.3 17.9985 0 0 \$ top refector
603 hex 0 0 0 0 0 79.3 17.9985 0 0 \$ bottom refector
c
700 hex 0 0 0 0 0 951.6 18.9985 0 0 \$ central and side refl
800 hex 0 0 0 0 0 951.6 18.05 0 0 \$ Lattice cell
900 rcc 0 0 0 0 0 951.6 441.63 \$ outer barrel of core
901 rcc 0 0 0 0 0 955.0 451.63
902 rcc 0 0 0 0 0 955.0 470.63
903 so 1500
c
c
c Run a neutron problem
c
mode n p
phys:n
c Material cards
m1 6000.73c 1
mt1 grph.17t
c
m2 92235.73c 1.06e-3 92238.73c 1.004e-2 8016.73c 2.30e-2
mt2 u/o2.17t o2/u.17t
c
m3 6000.73c 1
mt3 grph.17t
c
m4 6000.73c 0.048068 14028.73c 8.53e-3 14029.73c 4.23e-4 14030.73c 2.68e-4
mt4 grph.17t
c
m5 6000.73c 1
mt5 grph.17t
c
m6 6000.73c 1
mt6 grph.17t
c
m7 6000.73c 8.7255e-02 5010.73c 7.22e-07
mt7 grph.17t
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c
m8 6000.73c 8.7255e-02 5010.73c 7.22e-07 \$ grpht,top \& bottom refl
mt8 grph.17t
c
m9 6000.73c 8.7255e-02 5010.73c 7.22e-07 \$ grpht,replaceable refl
mt9 grph.17t
c
m10 6000.73c -4.300e-04 \$ C-nat
7014.73c -6.723e-04 \$ N-14
7015.73c -2.673e-06 \$ N-15
8016.73c -5.385e-04 \$ O-16
14028.73c -2.900e-03 \$ Si-nat
15031.73c -2.200e-04 \$ P-31
16032.73c -1.900e-04 \$ S-nat
22046.73c -2.000e-04 \$ Ti-nat
23000.73c -9.100e-04 \$ V-nat
24050.73c -7.734e-03 \$ Cr-50
24052.73c -1.550e-01 \$ Cr-52
24053.73c -1.792e-02 \$ Cr-53
24054.73c -4.545e-03 \$ Cr-54
25055.73c -1.490e-02 \$ Mn-55
26054.73c -3.837e-02 \$ Fe-54
26056.73c -6.186e-01 \$ Fe-56
26057.73c -1.441e-02 \$ Fe-57
26058.73c -1.952e-03 \$ Fe-58
27059.73c -1.800e-03 \$ Co-59
28058.73c -6.281e-02 \$ Ni-58
28060.73c -2.486e-02 \$ Ni-60
28061.73c -1.093e-03 \$ Ni-61
28062.73c -3.530e-03 \$ Ni-62
28064.73c -9.236e-04 \$ Ni-64
29063.73c -3.082e-03 \$ Cu-63
29065.73c -1.417e-03 \$ Cu-65
33075.73c -7.000e-05 \$ As-nat
42092.73c -2.020e-02 \$ Mo-nat
73181.73c -4.991e-04 \$ Ta-181
82206.73c -1.916e-05 \$ Pb-206
82207.73c -1.766e-05 \$ Pb-207
82208.73c -4.207e-05 \$ Pb-208
c
m11 6000.73c -2.300e-03 \$ c-nat
25055.73c -1.570e-02 \$ mn-55
14028.73c -2.700e-03 \$ si-nat
24050.73c -3.757e-05 \$ cr-50
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24052.73c -7.533e-04 \$ cr-52
24053.73c -8.706e-05 \$ cr-53
24054.73c -2.208e-05 \$ cr-54
28058.73c -4.718e-03 \$ ni-58
28060.73c -1.866e-03 \$ ni-60
28061.73c -8.211e-05 \$ ni-61
28062.73c -2.652e-04 \$ ni-62
28064.73c -6.937e-05 \$ ni-64
27059.73c -2.000e-04 \$ co-59
15031.73c -1.800e-04 \$ p-31
16032.73c -1.500e-04 \$ s-nat
13027.73c -3.700e-04 \$ al-27
26054.73c -5.485e-02 \$ fe-54
26056.73c -8.842e-01 \$ fe-56
26057.73c -2.060e-02 \$ fe-57
26058.73c -2.791e-03 \$ fe-58
29063.73c -8.905e-04 \$ cu-63
29065.73c -4.095e-04 \$ cu-65
8016.73c -1.157e-04 \$ o-16
73181.73c -5.000e-04 \$ ta-181
7014.73c -1.444e-04 \$ n-14
7015.73c -5.742e-07 \$ mo-nat
33075.73c -1.300e-04 \$ as-nat
23000.73c -1.000e-04 \$ v-nat
5010.73c -2.212e-06 \$ b-10
5011.73c -9.788e-06 \$ b-11
c KCODE description
c
kcode 50000 1.0 200 500
ksrc 180.5 2 120 0 202.5 436.15 -202.5 0 515.45
c Tallies description
c
fc4 fuel kernels
f4:n 101
e4 1.1024e-11 1198i 10
c
fc14 fuel pin
f14:n 201
e14 1.1024e-11 1198i 10
c
fc24 reactor core
f24:n 900
e24 1.1024e-11 1198i 10
c
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fc44 Neutron flux within the flector
f44:n 700
e44 1.1024e-11 1198i 10
c
fc54 Outside core barrel
f54:n 901
e54 1.1024e-11 1198i 10
c
fc64 outside RPV
f64:n 902
e64 1.1024e-11 1198i 10
fc74 void outsie the reactor building
f74:n 903
e74 1.1024e-11 1198i 10
c nps 100
c
c ctme 60
c prdmp 2j 1 1 1
c For debugging purposes
print
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